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(57) ABSTRACT

A carbon nanotube has a carbon network film of polycrys-
talline structure divided into crystal regions along the axis of
the tube, and the length along the tube axis of each crystal
region preferably ranges from 3 to 6 nm. An electron source
includes a carbon nanotube having a cylindrical shape and
the end of which on the substrate side 1s closed and disposed
in a fine hole. The end on the substrate side of the tube 1s
firmly adhered to the substrate. The carbon nanotube 1is
produced by a method 1n which carbon 1s deposited under
the condition that no metal catalyst 1s present 1n the fine hole
and produced by a method 1n which after the carbon depo-
sition the end of the carbon deposition film 1s modified by
ctching the carbon deposition film using a plasma. There-
fore, an electron source excellent in the evenness of field
emission characteristics 1n a field emission region (pixel) 1n
the device plane and driven with low voltage can be pro-
vided, and a display operated with ultralow power consump-
tion exhibiting ultrahigh luminance can be provided.

10 Claims, 33 Drawing Sheets
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CARBON NANOTUBE AND METHOD FOR
PRODUCING THE SAME, ELECTRON
SOURCE AND METHOD FOR PRODUCING
THE SAME, AND DISPLAY

This application 1s the national phase under 35 U.S.C. §
3’71 of PCT International Application No. PCT/JP01/01326
which has an International filing date of Feb. 22, 2001,
which designated the United States of America.

FIELD OF THE INVENTION

The present invention relates to a carbon nanotube and a
method for producing same. The mvention also relates to an
electron source, for use and suitable 1in field emission
displays, using the carbon nanotube 1n 1ts field emission part
and a method for producing same, and a display using such
an electron source.

BACKGROUND OF THE INVENTION

Currently, an electron source that undergoes field emis-
s1on 1n response to a strong electric field rather than ther-
mionic emission in response to large heat energy as in a
cathode ray tube has been under active research from the
perspectives of both device and material. An example of
such a conventional electron source can be found 1 C. A.
Spindt (U.S. Pat. No. 3,665,241), which discloses a pyra-
mid-shaped metal electron source. As a material of the metal
clectron source, a refractory metal such as molybdenum 1s
used, for example. The metal electron source 1s formed 1n a
hole of about 1 um. According to the experiment on field
emission characteristics conducted by C. A. Spindt (C. A.
Spindt, IEEE TRANSACTIONS ON ELECTRON
DEVICES, 38, 2355 (1991)), the molybdenum metal elec-
tron source that was formed 1n a gate opening of about a 1
um diameter 1s capable of producing emission currents of
about 90 pA/tip at a gate voltage of 212 V, which 1s not low
for an operating voltage. Further, the metal electron source
using such a refractory metal (known as a Spindt type metal
electron source) has a high degree of operating vacuum of
1.33x10 Pa (107 Torr). In addition, the metal electron
source has weak resistance against ion bombardment and
therefore reliability 1s poor. These drawbacks have been a
serious obstacle, preventing the electron source from being
put to actual applications.

Recently discovered by Iijima et al. 1s a carbon nanotube
as a by-product of a fullerene synthesis by carbon arc
discharge (S. Iijjima, Nature, 354, 56 (1991)). The carbon
nanotube, when observed under a transmission electron
microscope (TEM), has an encased structure of graphite
layers that are coiled cylindrically (Y. Saito, Ultramicros-
copy, 73, 1(1998)). Such a carbon nanotube 1s called a
multi-walled carbon nanotube.

As a producing method of another type of carbon nano-
tube, there 1s a technique in which an organic material 1s
applied on a freestanding anodic aluminum oxide film, and
then the anodic aluminum oxide film (anodic aluminum
oxide layer) 1s dissolved and removed to separate the carbon
nanotubes, as disclosed 1n Japanese Publication for Unex-
amined Patent Application No. 151207/1996 (Tokukaihei
8-1512077). The carbon nanotubes produced by this method
have open ends with a diameter of 1 um or less and a length
of about 1 um to 100 um.

There has been active research on electron source using
such a carbon nanotube. W. A. de Heer et al. has reported
that field emission occurs at an electric field intensity of
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2

aboyt 10 V/um with a degree of vacuum of 1.33x10™* Pa
(10 Torr) and an emission current (voltage: 25 V/um) with
a current density of 10 mA/cm” is generated (W. A. de Heer
et al., Science, 270, 1179 (1995)). Such a carbon nanotube
clectron source 1s realized by providing carbon nanotubes on
a casting film. The carbon nanotube electron source of this
teaching undergoes emission at a degree of vacuum that 1s
smaller by triple digits or so than the degree of vacuum
required for the metal electron source, and has an emission
start voltage and an operating voltage that are smaller by at
least one digit than those of the metal electron source. These
are superior characteristics as the electron source material.
Where a carbon nanotube electron source that undergoes
emission of a large current at a low voltage 1s desired,
orientation control of carbon nanotubes becomes an 1mpor-
tant technique.

Orientation control of carbon nanotubes 1s an 1important
technique to obtain a carbon nanotube electron source that
undergoes emission of a large current at a low driving
voltage. Japanese Publication for Unexamined Patent Appli-
cation No. 12124/1998 (Tokukaihei1 10-12124) (Japanese
Patent No. 3008852) discloses an electron source wherein
carbon nanotubes are provided in the pores of the anodic
aluminum oxide film and a gate electrode 1s provided at the
opening of the pores. This carbon nanotube electron source
has carbon nanotubes that grow from a metal catalyst, a
growth point, that 1s embedded 1n the pores of the anodic
aluminum oxide film. This carbon nanotube electron source
1s superior in terms of orientation control (order of orienta-
tion) of the carbon nanotubes, and therefore has a promising
future. Further, this carbon nanotube electron source has
improved stability over time of emission current density.
The carbon nanotube electron source also has a greatly
improved electron source density that 1s several thousand
times greater than that of the conventional Spindt type metal
clectron source.

As with the foregoing Tokukaihei 10-12124, D. N. Davy-
dov et al. (D. N. Davydov et al., J. Appl. Phys., 86, 3983
(1999)) discloses producing carbon nanotubes whereby
growth of carbon nanotubes originates from a metal catalyst
that 1s provided on the bottom of the pores of the anodic
aluminum oxide film and thereafter a portion of the anodic
aluminum oxide film 1s removed to obtain carbon nanotubes
with exposed tips.

As schematically shown in FIG. 38 and FIG. 39, the
carbon nanotubes that are produced by such a method grow
upward from the bottom of the pores of an anodic aluminum
oxide film 35 which 1s provided on an aluminum substrate
30. The carbon nanotubes grow into two different shapes
depending on the growth time (extent of growth). That 1is,
when growth of the carbon nanotubes 1s stopped before 1t
reaches a suflicient level, carbon nanatubes 38 (oriented
carbon nanotubes) that are formed 1n parallel 1n the pores of
the anodic aluminum oxide film 35 are obtained, as sche-
matlcally shown 1n FIG. 38. On the other hand, by allowing
suflicient growth, carbon nanatubes 36 (random carbon
nanotubes) that are iterwound randomly on the anodic
aluminum oxide film 35 are obtained, as schematically
shown 1n FIG. 39. According to the study done by D. N.
Davydov et al., the emission start electric field intensities of
these two types of carbon nanotubes were different; 30 V/um
to 45 V/um for the oriented carbon nanotubes and 3 V/um
to 4 V/um for the random carbon nanotubes (D. N. Davydov
et al., J. Appl. Phys., 86, 3983 (1999)).

However, the conventional electron source using the
carbon nanotubes, while 1t requires a lower operating volt-
age (device driving voltage: applied voltage at which a
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practical emission current density (about 10 mA/cm~) is
obtained) than the conventional Spindt type metal electron
source, still requires a driving voltage of several hundred
volts, which 1s still high. This 1s because the emission start

clectric field intensity or operating electric field intensity of 5

the conventional carbon nanotubes (electric field intensity
required to obtain a practical emission current density (about
10 mA/cm®)) is not low enough (e.g., carbon nanotubes
formed by a conventional arc discharge method have an
emission start electric field intensity of 10 V/um and an
operating electric field intensity of 25 V/um). Insufliciently
low driving voltages have put restrictions on drivers or
device structures. Thus, there 1s a need to further reduce
emission start electric field intensity and operating electric
field intensity.

The present invention was made 1n view of the foregoing
problem and an object of the present invention 1s to provide
carbon nanotubes that require less emission start electric
field intensity and less operating electric field intensity, and
to provide an electron source, using such carbon nanotubes,
that can be driven at a lower voltage. A further object of the
present invention 1s to provide a lower power consuming
display that uses the carbon nanotubes in the electron source.

In the producing method of a carbon nanotube electron
source using a metal catalyst as disclosed 1in D. N. Davydov
et al., varying manufacture conditions bring about non-
uniformity 1n the shape of carbon nanotubes. That 1s, the
carbon nanotube electron source produced by this method
has poor emission uniformity. Such poor emission unifor-
mity becomes particularly prominent when a large device

(e.g., a large screen display) i1s manufactured from the
carbon nanotubes produced by this method.

The reason varying manufacture conditions bring about
poor emission uniformity 1s explained below in detail. In the
conventional producing method of the electron source, car-
bon nanotubes grow from the metal catalyst. Therefore,
depending of the extent of growth, two different shapes of
carbon nanotubes; the oriented carbon nanatubes 38 as
shown 1n FIG. 38 and the random carbon nanatubes 36 as
shown 1n FIG. 39 are produced. Thus, when carbon nano-
tubes that are formed by the foregoing conventional method
are used 1n an electron source device, for example, such as
a display as exemplified by a FED (field emission display),
there are cases where varying manufacture conditions cause
the oriented carbon nanotubes and the random carbon nano-
tubes to coexist. The emission start electric field intensities
of these two different types of carbon nanotubes, 30 V/um to
45 V/um for the former and 3 V/um to 4 V/um for the latter,
are greatly diflerent. The coexistence of the oniented carbon
nanotubes and the random carbon nanotubes in the electron
source device has a detrimental effect on uniformity of
emission characteristics and causes various problems such
as display flicker. The cause of this coexistence of the
oriented carbon nanotubes and the random carbon nanotubes
resides 1 a growth mechanism of the carbon nanotubes.
Specifically, 1t 1s known to be caused by the growth of
carbon nanotubes that originate from a transition metal
catalyst such as nickel, 1ron, and cobalt.

The producing method of an electron source disclosed in
Tokukather 10-12124 also forms carbon nanotubes using a
metal catalyst, and therefore has the same problem as the
producing method of D. N. Davydov.

Another object of the present imnvention 1s to provide a
producing method of an electron source having superior
uniformity in emission characteristics within a device plane
or an emission area (pixels).
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4
DISCLOSURE OF THE INVENTION

In order to achueve the foregoing main objects, a carbon
nanotube according to the present invention includes at least
one layer of a cylindrical carbon network film, wherein the
carbon network film has a polycrystalline structure which 1s
divided 1nto a plurality of crystal areas 1n a tube axis (central
axis of the tube) direction (first feature).

A carbon network film of conventional carbon nanotubes
includes only sp® bonds (sp*-hybridized carbon-carbon
bonds), and 1s structured as continuous crystals of a single
sheet. Such a carbon network film 1s also known as a
graphene sheet, which has a two-dimensional network struc-
ture of a monoatomic layer structured from the six mem-
bered ring of the carbon.

In contrast, the carbon network film of the carbon nano-
tube according to the present invention includes dangling
bonds (bonds not forming covalent bonds, 1.e., unpaired
electrons) or sp° bonds (sp’-hybridized carbon-carbon
bonds) 1n high density, and therefore the carbon network
film (made up of sp” bonds) has a discontinuous structure
which 1s divided into a plurality of crystal areas in the tube
axis direction by the dangling bonds or sp> bonds. In other
words, the carbon network film of the carbon nanotube
according to the present mvention has a polycrystalline
structure 1 which a plurality of separate graphene sheets
(monocrystals) are disposed on one cylindrical plane. Note
that, 1t 1s believed that adjacent graphene sheets, between
which no covalent bonds exist, are held by interactions by
the van der Waals’ force, that 1s strong enough to maintain
the tube structure.

Preferably, each crystal area 1s on the order of nm
(particularly, several nm to several tens of nm), and more
preferably 1n a range of 3 nm to 6 nm in the tube axis
direction. It 1s particularly preferable that a length of each
crystal area in the tube axis (central axis of the carbon
nanotube) direction 1s not more than the tube diameter (outer
diameter of the carbon nanotube; on the order of nm). By the
length of each crystal area 1n the tube axis direction much
shorter than the crystal length (equal to the tube length; on
the order of nm) 1n the tube axis direction of each crystal
area of conventional carbon nanotubes, it 1s ensured that
carbon nanotubes with a reduced emission start electric field
intensity and a reduced operating electric field intensity can
be provided.

Note that, the carbon nanotube may be a multi-walled
carbon nanotube that 1s made up of multi-walled (two to
several tens of walls) carbon network films, or a single-
walled carbon nanotube made up of a single-walled carbon
network film. Further, the carbon nanotube may be a cylin-
der with closed ends, or a cylinder with a closed one end and
an opened other end, or a cylinder with open ends.

An electron source according to the present invention
includes a carbon nanotube with the foregoing first feature
as a field emission part, thereby providing a lower voltage
drive electron source using the carbon nanotube.

Note that, as the terms are used herein, “field emission
part” refers to the substance (field emission source) itself
that emits electrons, and “electron source” refers to an
clement (field emission element) produced by supporting the
carbon nanotube on a support member.

A display according to the present mvention includes a
plurality of carbon nanotubes with the foregoing first feature
as a field emission part, and electric field applying means for
applying an electric field to each carbon nanotube so as to
cause each carbon nanotube to emit electrons. This enables
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the electron source to be driven at a lower voltage, thereby
providing a lower power consuming display.

It 1s preferable that the electric field applying means can
individually control the electric field intensity of each car-
bon nanotube. This enables display to be carried out using
cach carbon nanotube as a single pixel.

The following explains crystallinity of the carbon network
film of the carbon nanotube according to the present inven-
tion and size of the crystal areas 1n detail. First, the carbon
network film of the carbon nanotube according to the present
invention will be defined and 1ts crystallinity characterized.

It has been confirmed by the Raman spectrometry that the
Raman spectrum of the carbon nanotube according to the
present invention has a peak 1n a G band (Graphite band;
1580 cm™") that derives from graphite. The result of Raman
spectrum analysis has characterized the carbon nanotube
according to the present mvention to have a relatively large
peak in a D band (Disorder band; 1360 cm™") that derives
from a disordered crystal structure of the carbon network
film (graphite structure).

The inventors of the present invention have proven by an
experiment that in a suitable embodiment of the carbon
nanotube according to the present invention that a ratio
(I,360/1520) Of the peak intensity (I,54,) o the D band to the
peak intensity (I, .4,) of the G band 1s 1n a range of from 0.5
to 1. This ratio 1s about 5 times to 10 times greater than that
of a conventional carbon nanotube that 1s formed by arc
discharge, for example.

Further, although comparisons are not quantitative, the
Raman spectrum of the carbon nanotube according to the
present invention has a distinct spectrum in which the peak

1s broader than that of conventional carbon nanotubes and
the G band near 1580 cm™" has shifted to the high frequency

side (1600 cm™).

Such a Raman spectrum of the carbon nanotube according
to the present invention indicates that the carbon nanotube
according to the present invention has low crystallinity and
a polycrystalline carbon network film, 1.e., a carbon network
film of a structure that 1s divided 1nto large numbers of micro
crystal areas.

Next, in order to explain polycrystallinity of the carbon
network film of the carbon nanotube according to the present
invention, the size of the crystal areas of the carbon network
film 1s defined. A width of a difiraction line obtained by
X-ray diffraction (XRD; X-ray Diflractiometry) spectrom-
etry 1s used to determine a crystallite size. This crystallite
s1ze 1s used to characterize polycrystallinity of the carbon
network film of the carbon nanotube according to the present
invention.

In a preferred embodiment of the carbon nanotube accord-
ing to the present invention, the crystallite size (La) in the
tube axis direction (direction of film plane) of the carbon
network film 1s 1n a range of from 3 nm to 6 nm, which 1s
notably smaller than the crystallite size (on the order of um)
in the tube axis direction of the carbon network film of
conventional carbon nanotubes. Further, in a preferred
embodiment of the carbon nanotube according to the present
invention, the crystallite size (LLa) in the tube axis direction
(direction of film plane) of the carbon network film 1s 1n a
range of from 3 nm to 6 nm, which 1s notably smaller than
the crystallite size (several mm to several cm) of the bulk
graphite.

Further, Japanese Patent No. 2982819 (WO89/07163)
discloses a carbon fibril that 1s in the form of a fine thread
tube with a plurality of graphite layers (equivalent to the
carbon network film of the present invention) essentially
parallel to the fibril axis, 1.e., a plurality of graphite layers
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that are essentially concentric to the fibril axis (circular
cylinder axis) as shown 1n FIG. 2 of this publication, and the
length of the graphite layers along the fibril axis (equivalent
to the crystallite size La in the tube axis direction in the
present invention) 1s two times or greater than the fibrl
diameter (3.5 nm to 75 nm). Thus, the crystallite size in the
fibril axis direction of the carbon fibril 1s larger by about one
digit than that of the carbon nanotube of the present inven-
tion.

Further, in a preferred embodiment of the carbon nano-
tube according to the present invention, the crystallite size
Lc 1n the thickness direction (direction perpendicular to the
carbon network film) of the carbon network film as deter-
mined from a width of the diffraction line obtained by the
X-ray diffraction spectrometry 1s 1n a range of from 1 nm to
3 nm, which i1s notably smaller than that of the bulk graphite
(having a crystallite side of about several mm to several cm).

The crystallite size La and Lc¢ characterizes the carbon
nanotube according to the present invention that crystallinity
1s low and the carbon nanotube has a polycrystalline carbon
network film, 1.e., a carbon network film that 1s divided into
micro crystal areas on the order of nm. Thus, 1t can be said
that the carbon nanotube according to the present invention
1s a carbon nanotube with a carbon network film of a
polycrystalline graphite structure that 1s divided at a nano
level, 1.e., a polycrystalline carbon nanotube.

Further, the low crystallinity of the carbon nanotube
according to the present invention can easily be explained 1n
relation to plane intervals (002 difiraction line; d(002)) of
the carbon network {ilm obtained from the X-ray diffraction
spectrum.

The bulk graphite has a laminated structure of network
planes of condensed benzene rings (graphene sheets),
wherein plane A and plane B are alternately laminated at
slightly shifted positions. The distance between plane A and
plane B of the carbon nanotube according to the present
invention, 1.e., the plane interval (d(002)) of the carbon
network film 1s 1n a range of from 0.34 nm to 0.4 nm, which
1s larger than that of the bulk graphite (d(002)=0.3354 nm).
It 1s thus envisaged that the carbon nanotube of the present
invention has low crystallinity, 1.e., a low crystalline graph-
ite structure.

This result of analysis supporting the low crystallinity
does not contradict to the polycrystalline structure of the
carbon network film of the carbon nanotube of the present
invention. The polycrystalline structure of the carbon net-
work film of the carbon nanotube of the present invention
can be quantitively explained from the Raman band intensity
ratio of D band to G band (I,;4/1,¢0,) ©f the Raman
spectrometry and from the crystallite size Lc and La. These
property values of the carbon nanotube of the present
invention, compared with the property values of conven-
tional carbon nanotubes, are suflicient to explain the low
crystallinity.

The carbon nanotube of the present invention having the
foregoing structure cannot be obtained by a method of
forming carbon nanotubes at high temperatures (e.g., several
thousand degrees Celsius used to form carbon nanotubes by
conventional arc discharge), or a method 1 which carbon
nanotubes are formed 1nside the pores of a porous material
using a metal catalyst. The carbon nanotube according to the
present invention having the foregoing structure was made
available for the first time by a producing method of a
carbon nanotube according to the present invention, 1n
which the carbon nanotube 1s formed inside the pores of a
porous material 1n the absence of a metal catalyst, at a
temperature of preferably not less than 600° C., or more
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preferably 1n a temperature range of 600° C. to 900° C. In
the producing method of the carbon nanotube according to
the present invention, the crystal areas only grow to the
diameter of the carbon nanotube.

A producing method of a carbon nanotube according to
the present invention includes the step of: depositing carbon
inside large numbers of pores of a porous material so as to
form a carbon deposition film of a cylindrical shape, wherein
the carbon 1s deposited (carbon nanotube 1s formed) 1n the
absence of a metal catalyst in the pores.

Unlike conventional producing methods, the foregoing
method does not use a metal catalyst, and therefore can
obtain a carbon nanotube with the polycrystalline (low
crystallimity) carbon network film, that grows inside the
pores by a distinct growth mechanism. Further, because
carbon 1s deposited 1n the absence of a metal catalyst, the
method requires less cost. Further, a step of providing a
catalyst 1s not required, simplitying the producing steps of
the carbon nanotube.

Conventionally preferred methods of producing a carbon
nanotube include a method, such as arc discharge, which
involves high temperatures anywhere from one thousand
several hundred degrees Celsius to two-thousand degrees
Celstus, and a laser evaporation method or a vapor-phase
carbon deposition method using a transition metal such as
nickel, cobalt, or iron as a catalyst. The carbon nanotubes
produced by these methods had a problem of controlling the
shape (diameter, length) of the tubes. The method of the
present invention by which the carbon nanotube 1s produced
using a porous material with pores in the absence of a metal
catalyst 1s the solution to this problem. The producing
method of the carbon nanotube according to the present
invention 1s highly eflective because 1t uses a porous mate-
rial with pores and thus eliminates a metal catalyst and
enables the shape of the tube to be controlled.

It 1s preferable that the producing method of the carbon
nanotube further includes an anodic oxidation step for
obtaining the porous material; and a heating step of not less
than 600° C. after the anodic oxidation step. Further, it 1s
preferable in the producing method of the carbon nanotube
that the carbon 1s deposited by vapor-phase carbon deposi-
tion 1n which gaseous hydrocarbon 1s carbonized by pyroly-
s1s. In this way, the carbon nanotube with the carbon
network film of a polycrystalline structure can be obtained
more reliably. Further, by the heating step of not less than
600° C. after the anodic oxidation step, the anodic aluminum
oxide film can undergo a phase transition to y-alumina
(particles that are scattered between carbon nanotubes, to be
described later). In the case where carbon 1s deposited by
vapor-phase carbon deposition 1n which gaseous hydrocar-
bon 1s carbonized by pyrolysis, a temperature of vapor-phase
carbon deposition, which varies depending on the type of
hydrocarbon (type of reaction gas), 1s preferably in a range
of from 600° C. to 900° C., when the gaseous hydrocarbon
1s a propylene gas.

Note that, D. N. Davydov et al. carbonizes acetylene at
700° C. using a metal catalyst. This diflers from the method
ol the present invention including the anodic oxidation step
for obtaining a porous material, followed by carbonization
of gaseous hydrocarbon (preferably propylene) at a tem-
perature of not less than 600° C. (preferably 600° C. to 900°
C.) 1n the absence of a metal catalyst, using the porous
material with pores as a template.

Further, it 1s preferable 1n the producing method of the
carbon nanotube that the carbon network film i1s plasma
etched so as to modity the tip of the carbon network film
(carbon nanotube). By thus moditying the end face of the
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carbon nanotube making up the field emission area, field
emission efliciency can be increased and a carbon nanotube
with a reduced emission start electric field intensity and with
a reduced operating electric field mtensity can be obtained.

It 1s preferable that oxygen plasma 1s used for the etching.
This enables the tip of the carbon network film (carbon
nanotube) to be opened as well as oxidized, thus providing
a carbon nanotube with a further reduced emission start
clectric field intensity and with a further reduced operating
clectric field intensity.

A producing method of an electron source of the present
invention 1s based on a method 1n which a porous material
(obtained 1n a step of forming a porous layer on a prede-
termined area of the metal wires 1n a preferred embodiment)
1s used as a support member for supporting the carbon
nanotube and carbon 1s deposited inside the pores of the
porous material (preferably by a vapor-phase carbon depo-
sition method) to form the carbon nanotube.

The electron source with the carbon nanotube provided 1n
the pores of the porous material can also be produced by a
method 1n which 1solated carbon nanotubes are iserted in
the pores of the porous matenal. For example, a freestanding
porous layer 1s prepared beforehand and carbon nanotubes
are formed 1n the porous layer by the vapor-phase carbon
deposition method. Thereafter, the porous layer 1s com-
pletely removed to i1solate the carbon nanotubes, which are
then placed 1n the pores of another porous layer by a method
such as electrophoresis. However, the producing method
using such 1solated carbon nanotubes have a problem of
accumulation or sticking, etc., and 1s not necessarily a more
desirable method than the foregoing producing method.

In contrast, in the producing method of the electron source
of the present mvention, a porous material 1s used as a
support member for supporting the carbon nanotube and
carbon 1s deposited inside the pores of the porous material
(preferably by the vapor-phase carbon deposition), so as to
form the carbon nanotube.

That 1s, the producing method of an electron source of the
present mvention 1s a method of producing a carbon nano-
tube which 1ncludes a carbon nanotube as a field emission
part, and a support member for supporting the carbon
nanotube, and the method includes the steps of forming the
support member from a porous material with large numbers
of pores, and depositing carbon inside the pores 1n the
absence of a metal catalyst in the pores, so as to form the
carbon deposition film of a cylindrical shape.

With this method, the carbon nanotube can have a uniform
shape 1n the emission area and in the device plane. Specifi-
cally, an electron source with carbon nanotubes having a
uniform diameter and a umiform length can be provided.

Carbon nanotubes of a conventional electron source have
the shapes as illustrated 1n FIG. 38 and FIG. 39, depending
on the growth time. The shapes shown 1n FIG. 38 and FIG.
39 are of those carbon nanotubes that grew from a metal
catalyst, specifically, such as nickel, iron, and cobalt, as an
origin of growth. (D. N. Davydov et al., J. Appl. Phys., 86,
3983 (1999)). The following explains the growth mecha-
nism of such carbon nanotubes. At the early stage of growth,
the carbon nanotubes grow from a metal catalyst as an origin
of growth. In the example of FIG. 38, the carbon nanotubes
grow 1n a straight line in the pores. When the carbon
nanotubes continue to grow past the pores, the carbon
nanotubes above the pores are curled as they grow, as shown
in FIG. 39. As explained, the carbon nanotubes that grow 1n
a vapor phase from a metal catalyst as an origin of growth
are 1n a straight shape 1n the early stage of growth as shown
in FI1G. 38. The carbon nanotubes, when grow past the pores,
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become curled as shown 1n FIG. 39. The carbon nanotubes
of the straight line shape as shown in FIG. 38 have an
emission start electric field intensity of several tens of V/um,
whereas the carbon nanotubes of the curled shape as shown
in FIG. 39 have an emission start electric field intensity of
several V/um. This may cause large non-uniformity of
emission start electric field intensity in the emission area or
device plane. Thus, in order to control the shape of the
carbon nanotubes 1n the emission area or device plane, the
process of forming the carbon nanotubes needs to be strictly
managed.

Contrary to the conventional method of forming the
carbon nanotubes as explained above, the producing method
ol an electron source of the present invention does not cause
the growth-time-induced shape non-uniformity. That 1s, the
producing method of the present invention does not use a
metal catalyst and the carbon nanotubes do not grow like the
random carbon nanotubes to extend past the pores, even
when the growth time 1s long. Thus, the carbon nanotubes
are always formed by the transier of the pore shape of the
porous material and retain the diameter and length of the
pores of the anodic aluminum oxide film. Thus, with the
producing method of an electron source of the present
invention, the carbon nanotubes grow by an entirely difler-
ent growth mechanism from that of the conventional carbon
nanotubes that grow from a metal catalyst as an origin of
growth, and there will be no non-uniformity in shape of the
carbon nanotubes caused by non-uniform producing pro-
cesses. As a result, it 1s possible to obtain an electron source
with superior uniformity of emission characteristics i the
device plane or emission area (pixels).

Further, 1n the foregoing producing method, by the dis-
tinct carbon nanotube growth mechanism that does not use
a metal catalyst, the carbon nanotubes adhere to the 1nner
wall and entire bottom of the pores. Thus, when the porous
material 1s a porous layer, provided on a substrate, with large
numbers of through-pores, the carbon nanotubes are formed
in a cylindrical shape inside the pores with an closed end on
the side of the substrate, and the carbon nanotubes adhere to
the surface of the substrate on the entire side face on the side
ol the substrate (carbon network film of the outermost layer).
Thus, an electron source with the carbon nanotubes firmly
adhering to the support member can be provided. Further, 1in
the case where the substrate or a conductive layer on the
surface of the substrate 1s used as an electrode for applying
an emission electric field, an electron source 1n which no
clectrical connection failure occurs between the carbon
nanotubes and the electrode can be provided. Thus, the
clectron source, not only when it 1s simply used as an
clectron source device but also when 1t 1s mstalled 1n other
clectrical devices or optical devices, can provide devices
with highly reliable electrical connections.

In the producing methods of an electron source as dis-
closed 1n Tokukather 10-12124 and D. N. Davydov, an
clectrical connection failure may occur between the carbon
nanotubes and the base electrode when the metal catalyst at
the bottom of the pores of the porous layer 1s not provided
properly. That 1s, 1n these methods, a metal catalyst 1s
embedded 1n the pores of the anodic aluminum oxide film
that 1s formed on the base electrode, and the carbon nano-
tubes grow upward from the metal catalyst that 1s provided
in the pores of the anodic aluminum oxide film. Thus, when
the metal catalyst 1s not embedded to the bottom of the pores
of the anodic aluminum oxide film but stops midway 1nside
the pores (not the bottom of the pores), the carbon nanotubes
grow upward from a midway position mnside the pores. As a
result, no electrical connection can be made between the
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carbon nanotubes and the base electrode (cathode electrode),
which not only degrades reliability of the electron source but
lowers production yield.

Further, the foregoing producing method does not use a
metal catalyst and thus the carbon that was generated by a
method such as vapor-phase carbon deposition (pyrolysis) of
a hydrocarbon deposits on the inner wall of the pores of the
porous material such as the anodic aluminum oxide film. As
a result, an electron source with the carbon nanotubes firmly
supported on the support member (porous material) can be
provided.

On the other hand, in the carbon nanotubes using a metal
catalyst, as disclosed in Tokukaiher 10-12124 and Toku-
kaither 11-194134, the carbon nanotubes grow without
touching the mner wall of the anodic aluminum oxide film,
1.e., regardless of the pore shape of the anodic aluminum
oxide film (template). Thus, the carbon nanotubes cannot be
firmly adhered to the anodic aluminum oxide film.

Further, in the method in which the carbon nanotubes
grow from particles of a metal catalyst as an origin of growth
inside the pores of the porous layer, 1n the event where a
plurality of grains exist in a single pore, a plurality of carbon
nanotubes are formed 1n a single pore, corresponding to the
plurality of metal catalyst particles (grains). In contrast, in
the producing method of the carbon nanotube of the present
invention, the carbon nanotubes do not grow from the metal
catalyst particles as an origin of growth but grow along the
inner wall of the pores. Thus, a single carbon nanotube 1s
formed per pore of the porous layer, transferring the shape
of the mner wall of the pores.

Further, 1t 1s preferable that the step of forming carbon
nanotubes with respect to the pores of the porous material in
the producing method of an electron source of the present
invention includes the step of removing the carbon deposi-
tion {ilm that was formed on the surface of the porous
material, i addition to the step of depositing carbon on the
porous material (preferably vapor-phase carbon deposition
step).

The carbon deposition film deposited on the mner wall of
the porous material (low crystallinity or polycrystalline
carbon network film) 1s similar 1n film property to the carbon
deposition film deposited on the surface of the porous
matenal, and by selectively removing the carbon deposition
film on the surface of the porous material, the carbon
deposition film deposited on the mmner wall of the porous
material 1s maintained. This step determines the basic shape
ol the carbon nanotube of the present invention, and only the
carbon network film of the carbon nanotube and the cross
section 1n the vertical direction 1s exposed in air.

Such a mode 1s preferable 1n the producing method of an
clectron source of the present invention. That is, the mode 1s
preferable 1n terms of surface modification of the emission
area, making 1t possible to selectively carry out surface
modification only on the carbon network film of the carbon
nanotube and the cross section in the vertical direction.
Specifically, the inventors of the present invention have
proven by experiment that the step ol removing the carbon
deposition film deposited on the surface of the porous
material 1s preferably carried out by etching (dry etching)
using plasma, such as reactive 1on etching (RIE; Reactive
Ion Etching), because 1t was most etlective to improve the
field emission characteristics.

That 1s, 1t 1s preferable 1n the producing method of the
present mvention that the tip of the carbon deposition film
(carbon nanotube) be modified by carrying out plasma
cetching. By thus modifying the end face of the carbon
nanotube which becomes the field emission area, emission
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elliciency can be improved. As a result, an electron source
with reduced levels of emission start electric field intensity
and operating electric field intensity can be obtained.

Further, the step of forming the carbon nanotube with
respect to the pores of the porous material in the producing
method of the electron source of the present invention may
turther include the step of partially removing the porous
material, i addition to the step of depositing carbon on the
porous material and the step of removing the carbon depo-
sition film.

Further, a producing method of a carbon nanotube of the
present ivention 1s adapted to deposit carbon inside the
pores of the porous maternial having large numbers of pores
so as to form the carbon deposition film of a cylindrical
shape, wherein the tip of the carbon deposition film 1s
modified by etching the carbon deposition film using
plasma.

In this way, the end face of the carbon nanotube which
makes up the field emission part can be modified, thus
providing the carbon nanotube with improved field emission
characteristics. The inventors of the present invention have
confirmed that the composition ratio (O/C) of oxygen to
carbon can be increased to 0.15 or greater by carrying out
plasma etching with respect to a carbon nanotube whose
composition ratio (O/C) of oxygen to carbon 1s less than
0.15.

The composition ratio (O/C) of oxygen to carbon in the
field emission area of the carbon nanotube obtained by the
foregoing producing method, which 1s experimentally
decided by the X-ray photoelectron spectrometry (XPS), 1s
generally 1n a range of from 0.1 to 0.3. A preferable range
of the composition ratio (O/C) of oxygen to carbon 1s from
0.15 to 0.2. A carbon nanotube with a composition ratio
(O/C) of oxygen to carbon 0.15 to 0.2 can emit electrons at
a low voltage.

The carbon nanotube that can emit electrons at a low
voltage has a peak (bond energy near 284.6 ¢V) that derives
from sp”-hybridized carbon atoms (C1s). The peak becomes
broad when the carbon nanotubes i1s subjected to plasma
ctching. Further, by plasma etching, the peak (bond energy
near 286 ¢V) that derives from the C—O bonds of the
carbon nanotube becomes notably high. It 1s envisaged that
such a characteristic 1s distinct to the carbon nanotube that
can emit electrons at a low voltage.

It 1s preferable 1n the foregoing producing method that the
ctching 1s carried out using oxygen plasma. This enables the
tip of the carbon deposition film (carbon nanotube) to be
opened as well as oxidized. Thus, the end face of the carbon
nanotube (cross section that results from cutting the carbon
network film 1n a direction perpendicular to the film plane)
that was made by opening the tip constitutes the field
emission area, and the end face making up the field emission
area 1mcludes oxygen rich carbon. As a result, the carbon
nanotube with further improved field emission characteris-
tics can be obtained.

In a producing method of an electron source of the present
invention, the resulting carbon nanotubes are used as the
field emission part and the porous material 1s used as the
support member for supporting the carbon nanotubes. That
1s, the producing method of the electron source of the
present invention 1s a method for producing an electron
source which includes a carbon nanotube as the field emis-
sion part, and a support member for supporting the carbon
nanotube, and method includes the steps of: forming the
support member using a porous material with large numbers
of pores; and forming a carbon deposition film of a cylin-
drical shape by depositing carbon 1n the pores of the porous
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maternial, and plasma etching the carbon deposition film so
as to modily a tip of the carbon deposition film.

By thus moditying the end face of the carbon nanotube
which becomes the field emission area, emission efliciency
can be improved. As a result, an electron source with
reduced levels of emission start electric field intensity and
operating electric field intensity can be obtained.

An electron source of the present mvention includes a
plurality of carbon nanotubes that are disposed parallel to
one another as a field emission part, and the electron source
further includes: particles (preferably y-alumina grains),
dispersed between the carbon nanotubes, that bind side
surfaces of the carbon nanotubes adjacent to one another
(third feature).

Tokukaihei 10-12124 and D. N. Davydov et al. disclose

clectron sources of a structure 1n which the carbon nanotube
1s entirely encased in the pores of the anodic aluminum
oxide film (Example 1 of Tokukaihe: 10-12124), and of a
structure 1 which the tips of the carbon nanotubes extend
out of the pores of the anodic aluminum oxide film (extends
out of the film plane) (Example 2 of Tokukaihei1 10-12124
and D. N. Davydov et al.). These are structures in which all
or most of the side wall of the carbon nanotubes are covered
with the anodic aluminum oxide film. For example, it can be
seen from the SEM photograph of the carbon nanotube of D.
N. Davydov et al. that a flat surface of anodic aluminum
oxide film remains in the structure (D. N. Davydov et al., .

Appl. Phys., 86, 3983 (1999)).

In a structure like these, the electric field does not easily
concentrate on the carbon nanotubes, and the electron source
having such a structure has a high operating electric field
intensity.

In contrast, in the electron source having the foregoing
third feature, particles are dispersed between the carbon
nanotubes. Thus, an area (tips) of the side wall of the carbon
nanotubes except for the area of the face adhered to the
particles 1s exposed to air. That 1s, the side wall has a large
exposed area. In other words, the carbon nanotube 1s suil-
ciently exposed to air. This enables the electric field to
concentrate on the carbon nanotube, thereby providing the
clectron source that can be driven at a low voltage.

Further, the electron source having the third feature
whereby the carbon nanotubes are anchored via dispersed
particles (1solation particles) can provide a structure that can
improve packing density of the carbon nanotubes (structure
that allows for a large emission current density).

A display of the present invention includes an electron
source that 1s provided with a plurality of carbon nanotubes
having the foregoing structure, and electric field applying
means for applying an electric field to each carbon nanotube
sO as to cause each carbon nanotube to emit electrons. This
enables the electron source to be driven at a low voltage,
thus providing a low power consuming display.

An electron source of the present invention includes a
carbon nanotube as a field emission part, and a support
member for supporting the carbon nanotube, wherein the
support member 1s a porous material with large numbers of
pores, and the carbon nanotube at least partially adheres to
the inner wall of the pores (fourth feature).

This provides a highly reliable electron source with the
carbon nanotube firmly supported by the support member.

-

T'he carbon nanotube that adheres to the inner wall of the
pores was produced for the first time by the producing
method of the present invention by which the pore shape of
the porous material 1s transferred and the carbon nanotube 1s
formed by the growth mechanism that 1s completely difler-
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ent from the conventional growth mechanism in which the
carbon nanotube grows ifrom a metal catalyst as an origin of

growth.

In the carbon nanotube using a metal catalyst as taught by
Davydov et al., a porous anodic aluminum oxide film 1s used
to grow the carbon nanotube i1n a straight line from a metal
catalyst as an origin of growth. It 1s believed that another
reason Davydov et al. uses the porous anodic aluminum
oxide film 1s to provide the metal catalyst in the form of
individual particles. By dispersing particles of the metal
catalyst by gas disposition etc., followed by electric field
assisted carbomization, the carbon nanotube grows in a
straight line from the particles of the metal catalyst as an

origin ol growth as 1 Davydov et al., without the porous
anodic aluminum oxide film. In these methods, the shape of

the carbon nanotube 1s determined by the particle size of the
metal particles. Particularly, in the carbon nanotube dis-
closed 1n Davydov et al., the shape 1s largely dependent on
growth time (deposition time), and the tip 1s curled when the
growth time 1s long. Further, in the carbon nanotube dis-
closed 1n Davydov et al., the tip of the tube 1s closed.

The carbon nanotube of the present invention 1s formed
by the adhesion and deposition of carbides on the side wall
of the pores of the porous anodic aluminum oxide film, and
the shape of the carbon nanotube 1s determined by the
diameter and length of the pores of the porous anodic
aluminum oxide film. Further, the carbon nanotube formed
in the present invention 1s not dependent on growth time
(deposition time) and always has the same diameter and the
same length. However, the thickness ((outer diameter—inner
diameter)/2) of the carbon nanotube formed 1n the present
invention becomes different depending on the growth time
(deposition time).

As described, the growth mechanism of the carbon nano-
tube of the present invention greatly differs from that of the
carbon nanotube disclosed in Davydov et al. Accordingly,
the producing method (transferred onto a template), the
shape (t1ip 1s opened immediately after the carbon nanotube
1s formed), and the ease of shape control (always the same
diameter and length) of the present invention also differ from
those taught 1 Davydov et al.

A display of the present invention includes a plurality of
carbon nanotubes as a field emission part, an electron source
provided with a support member for supporting each carbon
nanotube, and electric field applying means for applying an
clectric field to each carbon nanotube so as to cause each
carbon nanotube to emit electrons, wherein the support
member 1s a porous material with large numbers of pores,
and each carbon nanotube at least partially adheres to the
inner wall of the pores.

As a result, a highly reliable display with the carbon
nanotubes firmly supported by the support member can be
provided.

An electron source of the present invention includes a
carbon nanotube as a field emission part, and a support
member for supporting the carbon nanotube, wherein: the
support member 1s a porous layer, formed on a substrate,
having large numbers of through-pores, and the carbon
nanotube 1s formed 1n a cylindrical shape inside the pores so

the substrate and an end face of the carbon nanotube on the
side of the substrate adheres to a surface of the substrate.

As a result, an electron source with the carbon nanotube
firmly adhering to the support member can be provided. It 1s
therefore possible to improve the reliability of electrical

that one end of the carbon nanotube i1s closed on the side of
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connection between the carbon nanotube and the support
member, when the substrate 1s used as the electrode 1n
particular.

Such a structure of the carbon nanotube 1in which the
carbon network film, with the end on the side of the pore
bottom closed, adhered to the substrate 1s difficult to realize
with the technique taught in Tokukaiheir 8-151207.

That 1s, the electron source of the prior art 1s produced by
a method 1n which a metal catalyst 1s provided on the bottom
of the pores of the porous anodic aluminum oxide film and
the carbon nanotube grows from the metal catalyst as an
origin ol growth. As such, at the bottom of the pores, the
metal catalyst particles are two-dimensionally bonded to the
under layer, and the carbon nanotube either adheres in the
form of a ring or adheres to the under layer via the metal
catalyst. Such a state of bonding of the carbon film with
respect to the bottom of the pores has been confirmed by the
TEM 1mage of a carbon nanotube using a Ireestanding
anodic aluminum oxide film which has been removed from
an aluminum substrate (such an anodic aluminum oxide film
with pores with closed one end 1s produced by forming the
anodic aluminum oxide film on a barrier layer, without later
removing the underlying barrier layer).

It 1s preferable 1n the electron source that the surface of
the support member adhering to the carbon nanotube be
made of at least one kind of material selected from the group
consisting of silicon, silicon carbide, silicon oxide, and
s1licon nitride.

A display of the present invention includes: an electron
source, which includes a plurality of carbon nanotubes as a
field emission part and a support member for supporting
cach carbon nanotube; and electric field applying means for
applying an electric field to each carbon nanotube so as to
cause each carbon nanotube to emit electrons, wherein: the
support member 1s a porous layer, formed on a substrate,
having large numbers of through-pores, and each carbon
nanotube 1s formed in a cylindrical shape 1nside the pores so
that one end of the carbon nanotube 1s closed on the side of
the substrate and an end face of the carbon nanotube on the
side of the substrate adheres to a surface of the substrate. As
a result, a display with the carbon nanotube firmly adhering
to the support member can be realized. It 1s therefore
possible to 1mprove reliability of electrical connection
between the carbon nanotube and the support member,
particularly when the substrate 1s used as the electrode.

The electron source and display having the foregoing first,
third, and fourth {features, produced by the producing
method having the foregoing second feature, by their physi-
cal and chemical characteristics, have an emission charac-
teristic with an emission start electric field intensity in a
range of from 0.25 V/um to 0.5 V/um, and an emission
characteristic with an emission current density in a range of
from 10 mA/cm” to 100 mA/cm® (driving electric field
intensity of 1V/um).

However, there has not been a theoretical support as to the
direct cause of the large current electrons emitted at a low
voltage from the electron source and display having the
foregoing first, third, and fourth features, produced by the
producing method having the foregoing second feature using
oxygen plasma (etching with oxygen plasma). Thus, no clear
cause-and-ellect relationship has been established between
the foregoing first through fourth features and the emission
characteristics of emitting large current electrons at a low
voltage.

However, the reasons the electron source produced by the
producing method having the foregoing second feature using
oxygen plasma and having the foregoing first, third, and
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fourth features emits large current electrons at a low voltage
are believed to have been caused by (1) the carbon nano-
tubes that are polycrystalline (low crystallinity) (first fea-
ture), (2) the opened and oxidized tips of the carbon nano-
tubes by modification of the tips (field emission area) by the
oxygen plasma process (carbon-oxygen bonds are selec-
tively formed at the tips of the carbon nanotubes so that the
composition of the tips of the carbon nanotubes 1s oxygen
rich) (second feature), and (3) the anchored carbon nano-
tubes by the scattered particles between the carbon nano-
tubes (third feature), promoting the low-voltage and large-
current field emission.

There has not been any theoretical support as to which of
these factors 1s the direct cause. However, according to
experiments conducted so far by the inventors of the present
invention, the improvement of emission characteristics 1s
believed to have been greatly influenced by the first feature,
1.€., the polycrystallinity (low crystallinity) associated with
carbon nanotube defects (formation of amorphous areas).
The defects of the carbon nanotubes are believed to have

been brought about by the presence of dangling bonds or Sp3
hybridization (diamond configuration).

Further, the electron source that emits large current elec-
trons at a low voltage can only be realized by the growth
mechanism of the carbon nanotube distinct to the foregoing
producing method of the carbon nanotube, 1.¢., by the carbon
nanotube that 1s formed by carbon deposition (particularly
vapor-phase carbon deposition) 1n the absence of a metal
catalyst, utilizing the inner wall of the porous material. It
was 1mpossible to realize the foregoing electron source with
conventional carbon nanotubes, for example, such as the
carbon nanotube which grows from the metal catalyst as an
origin of growth inside the pores of the porous layer, and the
carbon nanotube that 1s formed by arc discharge.

It 1s preferable that the electron source of the present
invention has a resistivity in a range of from 1 k€2/cm to 100
k€2/cm and a resistivity higher than that of conventional
clectron sources. Vacuum devices, particularly display
devices, must be provided with an emission current control
mechanism of some form, and conventional display devices
are provided with a thin film as a resistor layer under the
clectron source. In the carbon nanotube electron source of
the present invention, the carbon nanotube itself has a high
resistance, and thus the conventionally required resistor
layer for controlling a current may not be required depend-
ing on device design.

The following explains the structure of the porous mate-
rial (or porous layer) used in the producing method of the
carbon nanotube and the producing method of the electron
source of the present mnvention. In the producing method of
the present invention, the shape of the pores of the porous
material (or porous layer) 1s transierred to the carbon nano-
tube, and therefore the structure of the porous material (or
porous layer) 1s important.

The maternal of the porous material (or porous layer) used
in the producing methods of the present invention, which 1s
not limited as long as 1t has continuous pores or randomly
connected discontinuous pores, 1s preferably an insulating
material. Such an sulating porous material (or porous
layer) can be formed by proving pores, by a method such as
a high energy 1on 1njection method, 1n the insulating layer
made of an insulating material, for example, such as glass,
organic polymer, or ceramic. However, considering cost and
convenience, an anodic oxidation method 1s preferable. The
anodic oxidation method 1s a method 1 which a base
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member of an oxidizable 1norganic material 1s oxidized by
anodic oxidation so as to oxidize the base member and form
pores therein.

Examples of the base member that can be formed 1nto a
porous material (or porous layer) by anodic oxidation
include tantalum (Ta), silicon (S1), and aluminum (Al). Of
these materials, aluminum (Al) 1s most preferable as the base
member of the porous material (or porous layer) used 1n the
producing methods of the present invention, because an
aluminum (Al) base member can form pores 1n a straight line
with a nano level diameter by anodic oxidation. Further, the
anodic aluminum oxide film that 1s formed by anodic
oxidation of aluminum, when subjected to heat treatment of
around 600° C., undergoes a phase transition to y-alumina
(particles). Thus, the anodic aluminum oxide film that 1s
formed by anodic oxidation of aluminum (Al) 1s considered
to be a suitable material for realizing the electron source
with the third feature of the present mvention (individual
carbon nanotubes are anchored to one another by the dis-
persed particles).

A producing method of the electron source of the present
invention can also be characterized by the step of forming
the anodic oxidation stopping layer under the porous layer.
That 1s, the producing method of the electron source of the
present mvention 1s a method for producing an electron
source which includes a carbon nanotube as a field emission
part and a base substrate for supporting the carbon nanotube,
and the method includes the steps of forming on the base
substrate a base layer made of an oxidizable base matenal;
forming a porous layer with large numbers of pores by
causing the base layer to undergo anodic oxidation; forming
the carbon nanotube inside the pores; and forming on the
base substrate an anodic oxidation stopping layer for stop-
ping anodic oxidation of the base substrate, before the base
layer undergoes anodic oxidation.

The anodic oxidation stopping layer serves as the barrier
layer 1mn anodic oxidation and it achieves uniform anodic
oxidation 1n a device plane. Thus, an electron source having
superior uniformity in emission characteristics in a device
plane or an emission area (pixels) can be realized.

The anodic oxidation stopping layer 1s preferably silicon,
silicon carbide, silicon oxide, or silicon nitride, or a mixture
of these compounds.

The carbon nanotube of the present invention has a large
resistance by itself. However, when the device requires a
larger resistance by device design, one can structure the
device 1n such a manner that the anodic oxidation stopping
layer serves as the high resistor layer. That 1s, the anodic
oxidation stopping layer of the present invention may serve
as the barrier layer of anodic oxidation during the production
process and as the high resistor layer during device opera-
tions.

Further, the carbon nanotube electron source of the
present invention, because 1t emits electrons at a low electric
field intensity of around 0.25 V/um to 0.5 V/um, electrons
are emitted in response to the applied voltage to the anode
clectrode. Thus, drniving of the carbon nanotube electron
source ol the present mvention requires a driving method
that shields the electric field between the cathode electrode
and the anode electrode. The carbon nanotube electron
source of the present invention 1s structured to include a gate
clectrode between the cathode electrode and the anode
clectrode, wherein the gate electrode 1s driven by a driving
method that shields the electric field from the anode elec-
trode. Further, the carbon nanotube electron source of the
present invention that 1s driven by such a driving method can
use a TFT driver used 1n conventional liquid crystal devices,
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and can realize a display containing about 1,000,000 carbon
nanotube electron sources integrated 1n a pixel area which 1s
XY addressed by the cathode electrode and gate electrode.

An electron source of the present invention includes a
carbon nanotube as a field emission part, wherein the carbon
nanotube 1s discontinuous graphite that 1s divided 1nto micro
areas 1n the tube axis direction. Another electron source of
the present invention mcludes a carbon nanotube as a field
emission part, wherein the carbon nanotube partially
includes an amorphous area in its graphite structure. With
this structure, the emission start electric field intensity and
the operating voltage (device driving voltage) can be
reduced. The amorphous area can be regarded as an area in
which micro crystal defects exist (micro defect area). Thus,
the carbon nanotube can be said to include the micro crystal
area by having micro defects (crystal defects) in the graphite
crystal structure.

Further, the electron source of the present invention can
be said to use a carbon nanotube which includes graphite
areas (crystal areas) having sp” bonds, and areas (amorphous
areas) which connects one graphite area to another by a
dangling bond. That 1s, the carbon nanotube 1s considered to
include the graphite areas (crystal areas) having sp~ bonds,
which are not orderly bonded over the entire area of the
carbon nanotube making up the electron source but divided
into micro areas, so that the emission voltage can be
reduced. In contrast, the conventional carbon nanotube as
disclosed 1n Tokukaihei1 10-12124 has a basic structure of
graphite and does not have the amorphous areas.

Further, in the electron source of the present invention, the
carbon nanotube has a resistivity (specific resistance) pret-
erably 1n a range of from 1 k€2-cm to 100 k€2-cm. That 1s, the
resistivity of the carbon nanotube 1s markedly higher than
that of a conventional carbon nanotube, for example, such as
the carbon nanotube formed by arc discharge (generally
known to have a resistivity of 5x10™* kQ-cm). With this
characteristic, an electron source that can emit electrons at
a markedly low voltage can be provided. More preferably,
the resistivity of the carbon nanotube 1s 1n a range of from

50 k€2-cm to 70 k€2-cm.

Further, 1t 1s preferable in the electron source of the
present invention that the field emission part 1s made up of
only carbon atoms. In this way, an electron source with no
metal catalyst (metal catalyst free) can be provided.

Further, 1t 1s preferable that the electron source of the
present mvention icludes a plurality of carbon nanotubes,
and an iorganic material covering the side wall of the
carbon nanotubes 1s provided, so as to electrically insulate
the carbon nanotubes from one another. In this way, when
the carbon nanotubes are to be connected to the cathode
electrode to make a device, the carbon nanotubes that are
integrated in high density can be connected to the cathode
clectrode 1n parallel to improve reliability of the device. The
inorganic material 1s preferably an anodic aluminum oxide
film. In this way, stability and reproducibility of onentation
control can be improved and rehability of the electron
source (device) can be further improved.

The producing method of the electron source of the
present invention may further include the steps of: forming
an 1norganic material that has through-pores on the both
ends; forming carbon nanotubes on the mner wall of the
pores by vapor-phase carbon deposition (pyrolytic carbon
deposition) of a gaseous hydrocarbon in the pores of the
inorganic material; and depositing the inorganic material
between the carbon nanotubes. With this producing method,
an electron source with reduced levels of emission start
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voltage and operating voltage (device driving voltage) can
be produced, both mnexpensively and conveniently.

Further, 1t 1s preferable in the producing method of the
clectron source that the carbon nanotubes be formed using a
template of an morganic material having through-pores on
the both ends. In this way, a highly reliable carbon nanotube
with a high level of onientation control can be produced
stably and with good reproducibility.

It 1s preferable 1n the producing method of the electron
source that the step of forming an inorganic material having
through-pores on the both ends 1s carried out by an anodic
oxidation method. That 1s, the step of forming an inorganic
material having through-pores on the both ends preferably
includes the anodic oxidation step. In this way, 1t 1s possible
to provide a producing method of an electron source which
uses a carbon nanotube that cannot be patterned by the
microfabrication technique of the semiconductor process.

Further, the electron source of the present invention may
includes: a base substrate, provided with a cathode elec-
trode; a high resistor layer, which 1s provided on the cathode
clectrode; an 1morganic thin film having pores, provided on
the high resistor layer; and the carbon nanotube, which 1s
provided as a field emission part (field emission electron
source) in the pores, wherein a surface ol the carbon
nanotube in the vicimty of its tip 1s modified. With this
arrangement, the emission voltage can be further reduced
and the electron source can be driven at a low voltage
without being restricted by the carbon nanotube structure
and the producing method.

Further, the producing method of the present invention
may include the steps of: forming a cathode electrode wiring
on a substrate; forming a high resistor layer on the cathode
clectrode wiring; forming an inorganic material thin film 1n
a field emission area on the high resistor layer; forming
pores through the iorganic material thin film; disposing the
carbon nanotube 1nside the pores; and modifying a surface
of the carbon nanotube. With this method, an electron source
that can be driven at a low voltage can be produced.

Further, the producing method of the electron source of
the present invention may be adapted so that the step of
forming the pores through the inorganic material thin film 1s
carried out after the step of forming the mnorganic material
thin film 1n the field emission area on the high resistor layer,
and 1s carried out by anodic oxidation of the norganic
material thin film, and the high resistor layer 1s an anodic
oxidation stopping layer for stopping the anodic oxidation
when the pores are formed by anodic oxidation, and the
anodic oxidation stopping layer 1s made of at least one kind
of material which 1s selected from the group consisting of
s1licon, silicon carbide, silicon oxide, and silicon nitride. By
providing the anodic oxidation stopping layer under the
carbon nanotube, the anodic oxidation of the upper layer of
the 1norganic material can be stopped easily, 1n addition to
controlling the emission current. As a result, reliability of the
device can be improved.

Further, a metal thin film may be provided on the anodic
oxidation stopping layer and the metal thin film may be
subjected to anodic oxidation. Then, a carbon nanotube may
be provided in the pores of the anodic oxidation film to
completely oxidize the metal thin film by anodic oxidation.
In this way, the anodic oxidation film can be prevented from
being detached, and orientation control and patterning of the
carbon nanotube can be easily carried out.

It 1s preferable in the foregoing producing method that the
carbon nanotube be disposed i1n the pores of the anodic
oxidation film without using a catalyst.
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In this way, an electrically opened state between the
carbon nanotube and the cathode electrode can be prevented.
Further, compared with the producing methods using a
catalyst as disclosed 1n D. N. Davydov et al. and Tokukaihei
10-12124, less cost 1s required. Further, the production
process 1s simpler than that of the producing method of the
electron source of Tokukaihei1 10-12124, which involves
complex production processes because the method includes
the step of depositing a metal catalyst inside the pores of the
anodic oxidation film (electrolytic coloring step).

It 1s preferable 1n the producing method of the electron
source that the step of moditying a surface of the carbon
nanotube 1s carried out by etching using oxygen plasma. In
this way, 1t 1s possible to provide a producing method of an
clectron source that can be driven at a yet lower voltage.

It 1s preferable that the electron source having the carbon
nanotube as the field emission part be driven by a driving
method which controls field emission by inserting a gate
clectrode between the cathode electrode and the anode
clectrode between which an electric field 1s emitted and by
shielding the electric field from the anode electrode by the
gate electrode. In this way, field emission of a yet lower
voltage driving electron source can be controlled.

The producing method of the carbon nanotube of the
present mvention 1s a method in which carbon 1s deposited
inside the pores of a porous material with large numbers of
pores, so as to form a carbon deposition film of a cylindrical
shape, wherein the method includes: the anodic oxidation
step for obtaining the porous material; and the heating step
of not less than 600° C. after the anodic oxidation step.

This method 1s different from the method of D. N.

Davydov, 1n which acetylene 1s carbonized at 700° C.

For a fuller understanding of the nature and advantages of
the invention, reference should be made to the ensuing
detailed description taken in conjunction with the accom-
panying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 through FIG. 5 are cross sectional views showing
steps according to one embodiment of a producing method
of a carbon nanotube electron source, in which carbon
nanotubes according to the present imnvention are anchored
by particles.

FIG. 6 1s a cross sectional view showing the electron
source of a bipolar tube structure obtained by the foregoing

producing method.

FIG. 7 1s a cross sectional view showing an electron
source of a tripolar tube structure which 1s obtained from the

carbon nanotube electron source of the bipolar tube structure
shown 1n FIG. 6.

FIG. 8 15 a cross sectional view schematically showing an
example of an anodic oxidation device used in the present
invention.

FIG. 9 1s a graph showing changes over time of an anodic
oxidation current 1n an anodic oxidation step of the present
invention.

FIG. 10 1s a drawing schematically showing an example
of a vapor-phase carbon deposition device used in the
present mvention.

FIG. 11 1s an SEM 1mage showing carbon nanotubes that
are anchored by particles according to the present invention,
as viewed from above on a 45° angle.

FIG. 12 1s an SEM 1mage showing carbon nanotubes that
are anchored by particles according to the present invention,
as viewed directly from above.
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FIG. 13 through FIG. 15 are cross sectional views show-
ing steps of one embodiment of a producing method of a
carbon nanotube electron source, in which a surface of an
anodic aluminum oxide film according to the present inven-
tion 1s partially removed.

FIG. 16 1s a TEM 1mage of the carbon nanotube according,
to the present invention.

FIG. 17 1s a graph showing a Raman spectrum of the
carbon nanotube according to the present invention.

FIG. 18 1s a graph showing an X-ray diffraction (XRD)
spectrum of the carbon nanotube according to the present
ivention.

FIG. 19 1s a graph showing an X-ray diffraction (XRD)
spectrum of the carbon nanotube according to the present
invention.

FIG. 20 1s a drawing schematically showing a field
emission characteristics evaluation device that 1s used to
evaluate field emission characteristics of the carbon nano-
tube electron source according to the present ivention.

FIG. 21 1s a graph showing an example of emission
current—applied voltage characteristics of the carbon nano-
tube electron source according to the present ivention.

FIG. 22 1s a graph showing a Fowler—Nordheim plot of
the carbon nanotube electron source according to the present
invention.

FIG. 23 1s an SEM 1mage of the carbon nanotube electron
source according to the present invention after an O, plasma
process, as viewed from above on a 435° angle.

FIG. 24 1s an SEM 1mage of the carbon nanotube electron
source according to the present invention after an O, plasma
process, as viewed directly from above.

FIG. 25 1s an SEM 1mage of the carbon nanotube electron
source according to the present mvention after a CHF,
plasma process, as viewed from above on a 45° angle.

FIG. 26 1s an SEM 1mage of the carbon nanotube electron
source according to the present invention after a CHEF,
plasma process, as viewed directly from above.

FIG. 27 1s an SEM 1mage of the carbon nanotube electron
source according to the present invention after an Ar plasma
process, as viewed from above on a 435° angle.

FIG. 28 1s an SEM 1mage of the carbon nanotube electron
source according to the present invention after an Ar plasma
process, as viewed directly from above.

FIG. 29 1s an SEM 1mage of the carbon nanotube electron
source according to the present invention before a plasma
process, as viewed from above on a 435° angle.

FIG. 30 1s an SEM 1mage of the carbon nanotube electron
source according to the present invention before a plasma
process, as viewed directly from above.

FIG. 31 1s a graph explaining how emission current—
applied voltage characteristics of the carbon nanotube elec-
tron source according to the present invention change
depending on the presence or absence of the plasma process
and the type of plasma process.

FIG. 32 1s a graph showing an XPS spectrum of the
carbon nanotube according to the present invention after an
O, plasma process.

FIG. 33 1s a graph showing an XPS spectrum of the
carbon nanotube according to the present invention after a
CHF, plasma process.

FIG. 34 1s a graph showing an XPS spectrum of the
carbon nanotube according to the present invention after an
Ar plasma process.

FIG. 35 1s a graph showing an XPS spectrum of the
carbon nanotube according to the present invention before a
plasma process.
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FIG. 36 1s a perspective view showing one embodiment of
a display provided with the carbon nanotube electron source
according to the present ivention.

FIG. 37 1s a cross sectional view showing one embodi-
ment of a display provided with the carbon nanotube elec-
tron source according to the present invention.

FIG. 38 1s a cross sectional view schematically showing
an arrangement of conventional carbon nanotubes that have
grown ifrom a metal catalyst as an origin of growth.

FIG. 39 1s a cross sectional view schematically showing
a random shape of conventional carbon nanotubes that have
grown {rom a metal catalyst as an origin of growth.

FIG. 40 1s a graph comparing emission current—applied
voltage characteristics of a carbon nanotube electron source
according to one embodiment of the present invention and
emission current—applied voltage characteristics of a con-
ventional carbon nanotube electron source.

BEST MODE FOR CARRYING OUT TH.
INVENTION

(L]

First Embodiment

Referring to FIG. 1 through FIG. 7, the following will
describe one embodiment of a producing method of an
clectron source (may be called “carbon nanotube electron
source” hereimnafter) using a carbon nanotube according to
the present invention, 1.e., a producing method of an electron
source 1 which a plurality of carbon nanotubes are anchored
by alumina particles. FIG. 1 through FIG. 7 are step-by-step
cross sectional views of the producing method of the elec-
tron source that 1s realized by a carbon nanotube array in
which a plurality of carbon nanotubes are anchored by
alumina particles.

Note that, 1n the present embodiment, a template (porous
layer, porous material) used to form the carbon nanotubes 1s
a porous anodic aluminum oxide film. The template, how-
ever, may be of other materials such as porous tantalum
oxide or porous silicon. Further, the template (porous layer,
porous material) may be a film made of a porous 1nsulating,
material that 1s obtained by forming pores through an
insulating film by such means as 1on implantation.

In the producing method of the electron source according
to the present embodiment, first, as shown 1n FI1G. 1, cathode
clectrode wiring 2 1s formed on a base substrate 1, and an
anodic oxidation stopping layer 3 1s subsequently formed
over the cathode electrode wiring 2. FIG. 1 1s a cross
sectional view showing the step of forming the cathode
clectrode wiring 2 on the base substrate 1 and then the
anodic oxidation stopping layer 3 over the cathode electrode
wiring 2.

The base substrate 1 1s an 1nsulating substrate, such as a
quartz substrate, a glass substrate, or a ceramic substrate,
among which the quartz substrate 1s used in the present
embodiment. The cathode electrode wiring 2 may be made
of an electrode material used for conventional displays, such
as chrome (Cr), tungsten (W), nickel (Ni), molybdenum
(Mo), niobium (Nb), and copper (Cu). In the present
embodiment, the material of the cathode electrode wiring 2
1s copper. The thickness of the cathode electrode wiring 2,
which 1s decided according to such factors as resistivity or
wiring resistance, 1s about 0.1 um to 1 um. The cathode
clectrode wiring 2 1s suitably patterned to a predetermined
shape (e.g., a plurality of discrete portions as shown 1n FIG.
1).

The anodic oxidation stopping layer 3 1s a layer for
stopping progression of anodic oxidation of an aluminum
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film 4 onto the cathode electrode wiring 2. The material of
the anodic oxidation stopping layer 3 1s preferably a highly
resistive material, capable of limiting the emission current in
addition to stopping the anodic oxidation. That 1s, the anodic
oxidation stopping layer 3 preferably serves also as a high
resistor layer that limits the emission current. However, in
the case where the carbon nanotube of the present invention
has a resistance (the carbon nanotubes of the present
embodiment have a specific resistance as high as 1 kf2/cm
to 100 k€2/cm) that coincides with a resistance that i1s
required to limit the current in the device design of the
clectron source, the anodic oxidation stopping layer 3 1s not
necessarily required to serve as a high resistor layer. Further,
the anodic oxidation stopping layer 3 preferably has a
coellicient of thermal expansion that 1s substantially equal to
that of an anodic aluminum oxide film 5. This prevents the
anodic aluminum oxide film 5 from being detached from the
anodic oxidation stopping layer 3 during the process of
vapor-phase carbon deposition.

Further, as taught 1n Japanese Unexamined Patent Appli-
cation No. 11-194134, the under layer material of the anodic
aluminum oxide film may be made of metal such as titanium
(T1), niobium (Nb), or molybdenum (Mo), to realize the
anodic oxidation stopping layer 3.

In the present embodiment, the anodic oxidation stopping,
layer 3 1s an amorphous silicon film (non-doped sputtered
silicon) which has the function of a high resistor layer.
Results of experiment by the inventors of the present inven-
tion have shown that the anodic oxidation stopping layer 3
1s preferably made of silicon materials, among which sili-
con, silicon carbides (S1C), silicon oxides, silicon nitrides,
and a mixture of these are particularly preferable 1in terms of
stopping the anodic oxidation 1n the anodic oxidation step.
These silicon compounds are also preferable in respect to
their resistance and serve as a high resistor layer. Further,
these silicon compounds are also preferable as a base layer
for supporting carbon nanatubes 8 1n contact with an end
face thereof.

When using silicon carbides as a material of the anodic
oxidation stopping layer 3, the silicon carbides may be
deposited to form the anodic oxidation stopping layer 3, or
the silicon film after deposition may be converted to a
carbide by the vapor-phase carbon deposition 1in forming the
carbon nanotubes. When using silicon oxides, silicon
nitrides, or a mixture of these silicon compounds as the
material of the anodic oxidation stopping layer 3, these
maternials are deposited by a chemical vapor deposition
(heremafiter “CVD”) method or a sputtering method, which
can be easily carried out. In the present embodiment, the
anodic oxidation stopping layer 3 1s designed to have a
resistance that exceeds 10°Q (high resistance). In order to
prevent shorting of the cathode electrode wiring 2, the
anodic oxidation stopping layer (high resistor layer) 3 1is
preferably patterned 1nto a predetermined shape according to
the patterns of the cathode electrode wiring 2 (e.g., patterns
that cover the cathode electrode wiring 2 by surrounding it,

as shown in FIG. 1).
Thereafter, as shown 1in FIG. 2, the aluminum film 4 1s

tformed on the anodic oxidation stopping layer (high resistor
layer) 3, followed by patterning of the aluminum film 4 such
that the aluminum film 4 remains 1n areas over the cathode
clectrode wiring 2.

FIG. 2 1s a cross sectional view showing the step of
forming the aluminum film 4 on the anodic oxidation
stopping layer (high resistor layer) 3. Note that, the present
embodiment uses the aluminum film 4 because the template
1s the anodic aluminum oxide film. Depending on the type
of template, a tantalum film or a silicon film may be used.
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Further, the template may be prepared from an insulating
film made of an insulating material such as a silicon oxide
f1lm, an alumina film, or an organic film, by forming micro
pores therethrough by a method such as the 1on implantation
method.

The aluminum film 4 used to form the anodic aluminum
oxide film 5 preferably has a purity of 99% or higher and
preferably has a thickness of not less than 1 um to accom-
modate pores. In the present embodiment, the thickness of
the aluminum film 4 1s 2 um. The aluminum film 4 can be
formed by a method using a vacuum device, such as a
sputtering method or a vapor deposition method, when the
thickness of the aluminum film 4 1s not less than 1 um and
less than 10 um, or particularly from about 1 um to about 5
um. However, deposition of the aluminum film 4 becomes
diflicult when the thickness 1s 10 um or more. The aluminum
film 4 with a thickness of 10 um or more can be preferably
formed by using an aluminum foil of a predetermined
thickness as the aluminum film 4 and attaching the alumi-
num foil on the anodic oxidation stopping layer (lugh
resistor layer) 3 or the cathode electrode wiring 2 by a
method such as an electrostatic bonding method. In either
case, the surface of the aluminum film 4 1s preferably
mirror-finished. Considering this surface roughness of the
aluminum film 4, it can be said that the film deposition
method such as a sputtering method or a vapor deposition
method 1s a preferable method of forming the aluminum film
4, because 1t only requires a single step to obtain aluminum
film 4 with a mirror finish, but does not require a step of
clectrolytic polishing to obtain mirror-finished aluminum
f1lm 4, which 1s required 1n bonding an aluminum foil or an
aluminum substrate on the anodic oxidation stopping layer
(high resistor layer) 3 or the cathode electrode wiring 2 by
the electrostatic bonding method.

It should be noted here that instead of patterning the
aluminum film 4, patterning may be carried out after form-
ing the anodic aluminum oxide film 35 m FIG. 3. The
patterning before the anodic oxidation step (patterning of the
aluminum {ilm 4) has a merit over the patterning aiter the
anodic oxidation step (patterning of the anodic aluminum
oxide film 3) in that sharper patterns are obtained. The
demerit of the patterning after the anodic oxidation step
(patterning of the anodic aluminum oxide film 5) 1s poorer
uniformity in pattern edge of the anodic aluminum oxide
film 3. The patterning of the aluminum film 4 can be readily
carried out by wet etching using a mixture of phosphoric
acid, nitric acid, and acetic acid.

Subsequently, as shown 1 FIG. 3, the aluminum film 4 on
the anodic oxidation stopping layer (high resistor layer) 3 1s
subjected to anodic oxidation to obtain the anodic aluminum
oxide film 5 with large number of pores 6.

FI1G. 3 15 a cross sectional view showing the step of anodic
oxidation of the aluminum film 4 on the anodic oxidation
stopping layer (high resistor layer) 3. It 1s required that the
alumimum film 4 be completely oxidized by the anodic
oxidation. Avoiding residual aluminum film 4 ensures a time
margin for the heat treatment in the producing steps. FIG. 8
schematically shows an anodic aluminum oxidation device
used 1n the present embodiment. A target sample (aluminum
film 4) of anodic oxidation 1s disposed as an anode 12 1n a
chemical solution 14, and a cathode 13 1s provided as a
counter electrode opposite the anode 12 1n the chemical
solution 14. The chemaical solution 14 may be sulfuric acid,
oxalic acid, and the like. Between the anode 12 and the
cathode 13 are provided a power supply 16 and an ammeter
17. Applying a positively biased voltage from the power
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supply 16 to the anode 12 sets off anodic oxidation. The
chemical solution 14 1s stirred with a stirrer 15 and main-
tained at a desired temperature 1n a thermostat bath 18. The
conditions of anodic oxidation of the aluminum film 4
should be suitably optimized so that the pores 6 are formed
according to the tip diameter of the carbon nanotubes
designed by a person ordinary skilled in the art. In the
present embodiment, the designed tip diameter (average
diameter) of the carbon nanotubes was 30 nm, and a constant
voltage of 20 V was applied 1n a sulfuric acid solution at 0°
C. so as to carry out anodic oxidation for 20 minutes. The
anodic oxidation completely oxidized the aluminum film 4
of 2 um thick, and produced the anodic aluminum oxide film
5 of 2.8 um thick, having pores 6 with an average diameter
of 30 nm and a density of around 10'°/cm”. The completion
of anodic oxidation of the aluminum {film 4 can be easily
found from a current change as a function of time (measured
with the ammeter 17), as shown 1n FIG. 9. FIG. 9 schemati-
cally depicts a change 1n current as a function of time 1n the
anodic oxidation step. In FIG. 9, a first current-time char-
acteristic 19 indicates the current-time characteristic of a
bulk aluminum film (e.g., aluminum plate), and a second
current-time characteristic 20 indicates the current-time
characteristic (characteristic of anodic oxidation) of a thin
film (deposited film), 1.e., the aluminum film 4 of the present
embodiment. The current-time characteristic 20 of the thin
film aluminum film 4 shows such a characteristic that the
current rises abruptly in response to application of a voltage
before 1t levels oil to a substantially constant rate. Upon near
completion of the anodic oxidation of the thin film alumi-
num film 4, the current suddenly decreases to only several
percent of the mitially observed current value. The end point
of the thin film aluminum film 4 i1s observable by visual
ispection by observing a change in color of the surface of
the aluminum film 4 from the original silver to the color of
the underlying anodic oxidation stopping layer 3. On the
other hand, the current-time characteristic 19 of the anodic
oxidation of the bulk aluminum film shows an abrupt current
increase 1n response to voltage application before 1t
decreases at a substantially constant rate. In this manner, the
current-time characteristic 20 of the anodic oxidation of the
thin film aluminum film 4 and the current-time characteristic
19 of the anodic oxidation of the bulk aluminum film show
completely different behaviors. Monitoring of the current-
time characteristics of the anodic oxidation 1s desirable in
managing the anodic oxidation step of the thin film alumi-
num film 4 of the present embodiment, and 1t contributes a
great deal to reproducibility of the anodic oxidation. Note
that, the current, instead of the voltage, may be held con-
stant. In this case, a voltmeter, 1instead of the ammeter 17,
can be used to monitor the current-time characteristics and
to find the end point of the anodic oxidation.

Note that, 1n order to improve uniformity of the tubes 6 of
the anodic aluminum oxide film 5, the anodic oxidation may
be carried out m two steps. That 1s, in the first step, the
aluminum film 4, about 0.5 um thick, 1s subjected to anodic
oxidation (for 5 minutes 1n a sulfuric acid solution at 0° C.
under an applied voltage of 20 V), and the anodic oxidized
f1lm 1s subsequently detached by wet etching (in a 0.5 weight
% hydrofluoric acid aqueous solution, at room temperature,
for about 2 minutes). Subsequently, in the second step,
remains of the aluminum film 4 1s completely oxidized by
further anodic oxidation (for 15 minutes in a sulfuric acid
solution at 0° C. under applied voltage of 20 V). By
experiment, this was proven to greatly improve uniformity
of the pores 6 of the anodic aluminum oxide film 5. Another
technique to uniformly form the tubes as in the forgoing




Us 7,375,366 B2

25

method 1s taught 1n (H. Masuda et al., Appl. Phys. Lett., 71,
19, 2770 (1997)). Further, the chemical solution of anodic
oxidation may be oxalic acid, phosphoric acid, or the like.
Using oxalic acid in particular enables the pores to be
formed 1n an average diameter of about 30 nm, as 1n the
foregoing example, by the application of a voltage of around
25 V at room temperature.

Thereafter, the anodic aluminum oxide film 1s patterned
so that the pores 6 reach the anodic oxidation stopping layer
3. Care must be taken for the patterning of the anodic
aluminum oxide film 5 to avoid etching residue or pattern
chuipping or the like. In the present embodiment, the anodic
aluminum oxide film 5 1s patterned by a wet etching method
in combination with an ultrasonic washing method.
Examples of etchants used in the wet etching include: a
hydrofluoric acid (HF) aqueous solution; an aqueous solu-
tion of a mixture of phosphoric acid (H,PO,) and hydro-
chloric acid (HCI); an aqueous solution of a mixture of
phosphoric acid (H,PO,), nitric acid (HNO,), and acetic
acid (CH,COOH); and a sodium hydroxide aqueous solu-
tion (NaOHaq), among which the aqueous solution of a
mixture of phosphoric acid (H,PO,) and hydrochloric acid
(HC1) 1s preferable. The weight concentration (weight of
phosphoric acid and hydrochloric acid/total weight) of the
aqueous solution of a mixture of phosphoric acid (H,PO.)
and hydrochloric acid (HCI) 1s preferably 10 weight % to 80
weight %. With a weight concentration of the mixed acid
aqueous solution at or above 80 weight %, resist damage 1s
observed. With a weight concentration of the mixed acid
aqueous solution at or below 10 weight %, etching residue
of the anodic aluminum oxide film becomes prominent. In
the present embodiment, the anodic aluminum oxide film 5
1s wet etched with an etchant whose weight concentration of
the mixed acid 1s 40 weight % (phosphoric acid (H,PO, )/
hydrochloric acid (HCl)/pure water (H,0O)=3:1:6). Subse-
quent to the wet etching, ultrasonic washing (power: 100 W,
frequency: 40 kHz) 1s carried out. The purpose of ultrasonic
washing 1s to remove etching residue of the anodic alumi-
num oxide film 5. However, ultrasonic washing longer than
10 minutes causes pattern chipping. Experiments have
shown that serious pattern chipping of the anodic aluminum
oxide film occurs when the ultrasonic washing exceeds 5
minutes. The optimum balance of wet etching and ultrasonic
washing should be attained by observing the state of etching
residue and the state of pattern chipping of the anodic
aluminum oxide film 5. In the present embodiment, the
anodic aluminum oxide film 35 1s patterned by etching for 5
minutes at 70° C., using a 40 weight % mixed acid of
phosphoric acid (H,PO,) and hydrochloric acid (HCI) as an
ctchant, followed by ultrasonic washing for 1 minute.

Thereafter, the anodic aluminum oxide film 5 1s subjected
to vapor-phase carbon deposition so as to form a carbon
deposition film 7 within the tubes 6 of the anodic aluminum
oxide film (template) 5, as shown i FIG. 4. The carbon
deposition film 7 adheres to the inner wall of the pores 6 to
form carbon nanatubes 8 having substantially the same outer
diameter as that of the pores 6. The carbon nanatubes 8,
though not shown, are hollow tubes with a closed end on the
side of the anodic aluminum oxide film 5, and the entire end
face on the side of the anodic aluminum oxide film 5 1s 1n
contact with a surface of the anodic aluminum oxide film 5.
Further, as shown in FIG. 4, the carbon deposition film 7
adheres not only to the inner wall of the pores 6 but also to
the surface of the anodic aluminum oxide film 5.

FIG. 4 1s a cross sectional view showing the step of
vapor-phase carbon deposition of the carbon deposition film
7 on the pores 6 of the anodic aluminum oxide film (tem-
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plate) 5. As a vapor-phase carbon deposition device, a heat
CVD device of a basic structure as shown 1n FIG. 10 can be
used. That 1s, the base substrate 1, the cathode electrode
wiring 2, the anodic oxidation stopping layer 3, and the
anodic aluminum oxide film 5 shown 1n FIG. 3 are used as
a sample 21 and placed 1n a quartz reaction tube 22. The
vapor-phase carbon deposition 1s carried out by heating the
quartz reaction tube 22 with the sample 21 to a predeter-
mined temperature using a heater 23, followed by charging
the quartz reaction tube 22 with hydrocarbon gas as source
gas 24 from one end of the quartz reaction tube 22. This sets
ofl pyrolysis of the hydrocarbon gas (source gas 24) and
generates carbon. The carbon deposits on the surface of the
sample 21 and forms the carbon deposition film 7 thereon.
The gas flown through the quartz reaction tube 22 1s dis-
charged out of the reaction system (out of the quartz reaction
tube 22) as discharge gas 25. The vapor-phase carbon
deposition device (FIG. 10) of the present embodiment 1s
designed to satisiy such specifications that a constant tem-
perature 1s maintained in the quarts reaction tube 22 at least
in an area where the sample 21 1s placed, and that a constant
pressure 1s maintained inside the quartz reaction tube 22.
The vapor-phase carbon deposition 1n the present embodi-
ment was carried out under the following conditions: pro-
pylene was used as the source gas 24 (2.5% 1n nitrogen); the
source gas 24 (propylene) was flown through the quartz
reaction tube 22 for 3 hours; and inside the quartz reaction
tube 22 was heated at a temperature of 800° C. The heating
temperature mside the quartz reaction tube 22 in the vapor-
phase carbon deposition should be a temperature that
induces pyrolysis of the source gas (hydrocarbon) 24. When
propylene 1s used as the source gas 24 as in the present
embodiment, a temperature range of 600° C. to 900° C. 1s
preferable. The source gas 24 1s not just limited to propy-
lene, and other kinds of hydrocarbon gas such as acetylene
may be used as well. In the case of vapor-phase carbon
deposition using plasma assist, the vapor-phase carbon
deposition may be carried out with a mixture of methane gas
and hydrogen gas at a temperature of about 650° C. Such
vapor-phase carbon deposition using plasma assist was
carried out in the following manner, for example. The
sample 21 was heated to about 650° C. and a microwave of
2.45 GHz was generated 1n the quartz reaction tube 22.
Inside the quartz reaction tube 22 was charged with a
mixture of methane gas and hydrogen gas (methane:hydro-
gen=1:4) and a DC bias of about 150 V was applied inside
the quartz reaction tube 22 to continue the process for 10
minutes. With such vapor-phase carbon deposition method
using plasma assist, the carbon nanatubes 8 can be formed
at a relatively low temperature.

Subsequently, as shown 1n FIG. 5, the carbon deposition
film 7 adhering on a surface of the anodic aluminum oxide
film 5 was removed, so as to separate the carbon nanatubes
8 1nto 1individual pieces and to modily the surface on the tip
of the carbon nanatubes 8. FIG. 5 1s a cross sectional view
showing the step of removing the carbon deposition film 7
adhering on a surface of the anodic aluminum oxide film 5
to separate the carbon nanatubes 8 into individual pieces.

The carbon deposition film 7 was removed by dry etching
using plasma (hereinaiter referred to as “plasma process™).
By the plasma process, not only the carbon deposition film
7 on the anodic aluminum oxide film 5 1s removed but the
surface on the tip of the carbon nanatubes 8 is selectively
modified. With the modification of the carbon nanatubes 8,
the field emission characteristics of the carbon nanatubes 8
can be improved. It can be said that this improvement of
field emission characteristics by the surface modification
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process 1s achieved for the first time by the arrangement of
the present embodiment wherein side walls of the carbon
nanatubes 8 are covered with the anodic aluminum oxide
film 5, and 1t 1s the eflect distinct to the carbon nanatubes 8
that are formed by the vapor-phase carbon deposition
method using the template. Note that, in the present embodi-
ment, the plasma process uses the reactive 10n etching (RIE).

The etching gas that can be used for the plasma process
includes oxygen, argon, helium, hydrogen, nitrogen, carbon
trifluoride, and carbon tetrafluoride. The etching gas 1s
preferably oxygen. Namely, the plasma process 1s preferably
an oxygen plasma process. This 1s because the field emission
characteristics of the carbon nanatubes 8 of the present
embodiment become particularly effective when the oxygen
plasma process 1s carried out, as clearly indicated by the
field emission characteristics (I-V characteristics) of the
plasma-treated carbon nanatubes 8 of FIG. 31 to be
described later.

Note that, 1n order to perform surface modification only
on the tip of the carbon nanatubes 8, 1t 1s preferable that the
pores of the anodic aluminum oxide film 5 (template) have
open ends. With the anodic aluminum oxide film 3 (tem-
plate) having such a structure, side surfaces of the carbon
nanatubes 8 are protected by the anodic aluminum oxide
film 5 (template) and are uminfluenced at all by the surface
modification process. In the present embodiment, the oxy-
gen plasma process 1s carried out to perform surface modi-
fication only on the tip of the carbon nanatubes 8. With the
absence of the anodic aluminum oxide film 5 (template) on
side surfaces of the carbon nanatubes 8, a graphite layer
(carbon network film) on the side surfaces 1s etched by the
oxygen plasma and this prevents formation of an electron
source structure. By thus covering side surfaces of the
carbon nanatubes 8 with the anodic aluminum oxide film 3
(template) to carry out the surface process (oxygen plasma
process) as 1n the present embodiment, only the tip edge of
the carbon nanatubes 8 can be subjected to the surface
modification.

Subsequently, as shown 1n FIG. 6, the anodic aluminum
oxide film (template) 5 1s partially removed, leaving the
alumina particles 9, and the carbon nanotubes 8 are exposed.
As aresult, the carbon nanatubes 8 become disposed parallel
to one another (orientation control) by the alumina particles
9 that are scattered between the carbon nanatubes 8. In
addition, the side surfaces of adjacent carbon nanatubes 8
are bound to one another.

The anodic aluminum oxide film 3 1s removed preferably
by wet etching using an etchant such as an aqueous solution
of alkali, phosphoric acid, or hydrofluoric acid. The type of
ctchant used 1n wet etching and the processing temperature
should be selected according to the temperature of a heat
treatment 1n the vapor-phase carbon deposition. That 1s,
when the temperature of a heat treatment in the vapor-phase
carbon deposition 1s around 800° C., heat alkali etching 1s
preferable. When the temperature of a heat treatment in the
vapor-phase carbon deposition 1s below 800° C., an alkali
treatment or a hydrofluoric acid treatment at around room
temperature may be carried out. In the case of a hydrotiuoric
acid treatment, because of its high etching rate, a dilute
hydrotluoric acid aqueous solution diluted to 1 weight % or
less 1s preferably used. When the etching time 1s short, the
tips of the carbon nanatubes 8 cannot be exposed. On the
other hand, when the etching time 1s too long, the carbon
nanatubes 8 become disoriented and the field emission
characteristics become poor. In the present embodiment, an
aqueous solution of 20 weight % sodium hydroxide was
used to carry out heat alkal1 etching for 2 hours at 150° C.
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As noted above, the anodic aluminum oxide film (tem-
plate) 5 has gone through the heat CVD process between the
state shown 1n FIG. 4 and the state shown 1n FIG. 5, and a
temperature range of the heat CVD process 1s from 600° C.
to 900° C. The phase transition temperature of alumina from
the amorphous phase to y-alumina 1s known to be around
600° C. When the temperature of the heat CVD process 1s
from 600° C. to 900° C., it 1s envisaged that the anodic
aluminum oxide film 5, which 1s i the amorphous phase
when 1t 1s formed, has partially made a transition to y-alu-
mina by the heat CVD process, by the time the process
reaches the state of FIG. 5. In the present embodiment, it 1s
believed that the yv-alumina phase after the transition remain
in the anodic aluminum oxide film 5 as the alumina particles
9, which, because of 1ts high selectivity ratio for the etchant
(sodium hydroxide) used to remove the anodic aluminum
oxide film 5, become the alumina particles 9 that anchor the
carbon nanatubes 8.

The electron source of the present invention utilizes such
alumina particles 9 as a constituting element. FIG. 11
(electron micrograph image viewed from side on an angle)
and FIG. 12 (electron micrograph image viewed from top)
clearly show that the alumina particles 9 anchor the carbon
nanatubes 8 that are integrated. Proceeding the removal of
the anodic alumina oxide film 5 causes the carbon nanatubes
8 to disorient themselves and the field emission character-
1stics suffer. Thus, the amount of anodic aluminum oxide
film S removed should be optimized so that the field emis-
sion characteristics become optimal.

The carbon nanotube electron source of a bipolar tube
structure as shown 1n FIG. 6 can be obtained 1n this manner.
Such a carbon nanotube electron source can be used in
vacuum micro devices, for example, such as a cold cathode
ray tube and a fluorescent display tube.

Referring to FIG. 7, the following explains a producing
method of a carbon nanotube electron source of a tripolar
tube structure. FIG. 7 shows a carbon nanotube electron
source of a tripolar tube structure. In a producing method of
the carbon nanotube electron source of a tripolar tube
structure of the present embodiment, an insulating substrate
10 provided betorehand with gate electrode wiring 11 on one
side and a gate opening 10a 1s bonded, with the side of the
gate electrode wiring 11 facing out, to the carbon nanotube
clectron source of the bipolar structure shown in FIG. 6. The
gate opening 10a 1s provided over the area of the carbon
nanotube electron source of the bipolar structure of FIG. 6
where the carbon nanatubes 8 are formed. The bonding can
be made by a conventional method such as an electrostatic
bonding method. Such a producing method 1s suitable to
produce a carbon nanotube electron source of a large area,
because i1t does not require a vacuum device or photolithog-
raphy and thus enables a carbon nanotube electron source of
a large area to be produced convemently and mnexpensively.

The material of the gate electrode wiring 11 may be
molybdenum (Mo), tungsten (W), and niobium (Nb). The
maternal of the insulating substrate 10 may be glass, ceramic,
and organic polymers. The gate opening 10a may be pro-
cessed 1n a size of about 50 um. The diameter of the gate
opening 10qa 1s preferably several tens of microns to several
hundreds of microns, depending on device design.

Note that, the carbon nanotube electron source of the
tripolar tube structure can also be formed by a semiconduc-
tor process. A producing method of the tripolar tube struc-
ture using the semiconductor process will be described in
detail in a Second Embodiment.

The carbon nanotube electron source which are anchored
by the particles of the present embodiment produced in the
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described manner has a configuration as shown i FIG. 11
and FIG. 12. FIG. 11 1s an image of a scanning electron
microscope (hereinafter referred to as SEM) when the
carbon nanotube electron source of the present embodiment
1s viewed from a 435° angle from above. FIG. 12 1s a SEM
image of the carbon nanotube electron source of the present
embodiment viewed directly from above. As 1s clear from
these SEM 1mages, the carbon nanotube electron source of
the present embodiment has a large number of carbon
nanotubes that are highly integrated in an orientation-con-
trolled arrangement, wherein the particles (y-alumina; seen
white 1n the SEM 1mages) that are scattered between the
carbon nanotubes bind side faces of the carbon nanotubes.
Note that, the carbon nanotubes are carbon nanotubes of at
least one layer of a cylindrical carbon network film, wherein
the carbon network film has a polycrystalline structure of a
plurality of divided crystal areas 1n a tube axis direction (see

FIG. 7 and FIG. 11).

The carbon nanotube electron source as taught by W. A.
de Heer 1s a casting film with carbon nanotubes and i1s not
the carbon nanotube electron source of the controlled ori-
entation. That 1s, when such a carbon nanotube electron
source 1s used 1n a device, the problem of non-uniform field
emission occurs. In contrast, the carbon nanotube electron
source ol the present embodiment, because of orientation
control of the carbon nanotubes, has superior field emission
uniformity.

In a carbon nanotube electron source of D. N. Davydov,
the under layer of the anodic aluminum oxide film 1s
aluminum, and therefore the anodic aluminum oxide film 1s
casily detached by the heat process of forming the carbon
nanotubes. In contrast, in the electron source of the present
embodiment, the under layer of the anodic aluminum oxide
film 5 1s a non-doped sputter silicon film (anodic oxidation
stopping layer 3) and therefore the anodic aluminum oxide
film 5 1s less likely to be detached from the under layer by
the heat process of forming the carbon nanotubes. As a
result, an electron source with high reliability can be pro-

vided.

Second Embodiment

[

An electron source of the present embodiment differs
from that of the First Embodiment in that, unlike the First
Embodiment 1n which the carbon nanotubes are anchored by
the particles, a surface of the anodic aluminum oxide film 1s
partially removed to make up a carbon nanotube array.

FIG. 13 through FIG. 15 show a producing method of a
carbon nanotube electron source of the present embodiment.
In the producing method of the tripolar tube structure of the
present embodiment, a vacuum device and photolithogra-
phy, which are known 1n a conventional silicon semicon-
ductor process 1s used. However, the insulating substrate 10
provided with the gate electrode wiring 11 may be bonded,
as explained with reference to FIG. 7 1n the First Embodi-
ment.

FIG. 13 1s a cross sectional view showing a step of
vapor-phase carbon deposition of a carbon deposition film 7
on pores 6 of an anodic aluminum oxide film (template) 5.
Niobium (Nb) 1s formed as cathode electrode wiring 2 on a
quartz substrate, 1.e., a base substrate 1, and non-doped
silicon (S1) 1s formed as an anodic oxidation stopping layer
(high resistor layer) 3 on the cathode electrode wiring 2. On
the anodic oxidation stopping layer 3 1s provided the anodic
aluminum oxide film (template) 5 which 1s formed by the
anodic oxidation of an aluminum film 4. The carbon depo-
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sition film 7 adheres on surfaces of the anodic aluminum
oxide film (template) 5 and on the mner wall of the pores.

FIG. 14 1s a cross sectional view showing a step of
forming a carbon nanotube electron source provided with a
gate opening. First, the gate mnsulating layer 10 1s formed
using an insulating material such as glass, ceramic, organic
polymers, mica, and crystalline quartz. In the present
embodiment, the gate msulating film 10 was made from an
SOG (Spin on Glass; coated glass) film. The gate insulating
film 10 of SOG was formed by spin-coating an SOG film
material (glass based paste maternial) dissolved 1n a solvent
tollowed by baking. The thickness of the gate insulating film
10 made from an SOG film after baking was 1 um. Note that,
the gate isulating film 10 may be formed to a thickness of
around 100 um by screen printing a paste of a silicon oxide
based insulating material several times. Then, a matenal of
the gate electrode wiring 11 was deposited on the gate
insulating film 10 to form a conductive layer. As a material
of the gate electrode wiring 11, a metal material having a
high melting point such as molybdenum (Mo), tungsten (W),
or niobium (Nb) 1s preferable. In the present embodiment,
niobium (Nb) was deposited to a thickness of 1500 A. The
gate electrode wiring 11 may also be formed by screen
printing using a metal paste. Considering formation of the
gate opening, 1t 1s preferable that the material of the gate
clectrode wiring 11 and the matenal of the gate insulating
layer 10 are a combination of materials with a greatly
differing etching selectivity ratio. In the present embodi-
ment, a photoresist with an open window for the gate
opening was formed. After exposure, hydrofluoric-nitric
acid (a mixture of hydrofluoric acid and nitric acid) having
a large selectivity ratio for the SOG was used to process
(etch) a conductive film (material of the gate electrode
wiring 11) at the gate opeming, and dilute hydrofluoric acid
(1 weight % to 5 weight % aqueous solution of hydrotluoric
acid) was used to process (etch) the gate msulating film 10
at the gate opening, so as to form the gate opening (hole).
Note that, the etching removal may be carried out by a
combination of dry etching and wet etching, so as to
minimize side etching within the gate opening. For example,
alfter the majority of the gate insulating film 10 has been
removed by dry etching, the gate insulating layer 10 of
several nm may be removed by wet etching.

Subsequently, the carbon deposition film 7 on the surface
of the anodic alumimnum oxide film (template) 5 was
removed. The carbon deposition film 7 was removed by
reactive 1on etching (RIE) using oxygen plasma, as in FIG.
5. Removal of the carbon deposition film 7 may be carried
out before forming the gate opening. However, when the
carbon deposition film 7 1s to be removed before forming the
gate opening, caution must be taken not to contaminate the
tips of the carbon nanotubes.

FIG. 15 1s a cross sectional view showing a step after the
tips of the carbon nanotubes have been exposed. The carbon
nanatubes 8 were exposed by wet etching using dilute
hydrofluoric acid (1 weight % to 5 weight % aqueous
solution of hydrofluoric acid). The etching amount of the
anodic aluminum oxide film (template) 5 should be equal to
or greater than the spacing between the carbon nanotubes. In
the present embodiment, the spacing between the carbon
nanotubes 1s 30 nm, and the etching amount of the anodic
aluminum oxide film (template) 5 was about 50 nm (30 nm
or greater 1s acceptable).

The present embodiment uses the glass based insulating
material (SOG) as the gate insulating layer 10, and therefore
there 1s a possibility of a side etching phenomenon whereby
the gate insulating layer 10 1s removed (etched) at the same
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time as the anodic aluminum oxide film 5 (porous alumina).
The problem of side etching can be avoided by changing the
material of the gate msulating layer 10 or by changing the
etchant used to etch the anodic aluminum oxide film 35 to a
material with a higher selectivity ratio for the gate insulating
layer 10.

A feature of the carbon nanotube electron source of the
tripolar tube structure thus prepared is the structure 1n which
the diameter of the gate opening becomes smaller as 1t
approaches to the electron source, and the field emission
area (pixel 1n the case of a display) 1s made of an msulating
material (anodic aluminum oxide film) different from the
gate msulating layer 10.

Third Embodiment

The present embodiment describes a structure of a carbon
nanotubes of the present invention. The structure of the
carbon nanotubes was analyzed by characterization of crys-
tallinity, which involved observation under a transmission
clectron microscope (hereinafter referred to as TEM), and
analysis by X-ray diffraction (XRD) spectrometry and
Raman spectrometry, and measurement of resistivity.

FIG. 16 1s a TEM 1mage of a carbon nanotube sample of
the present embodiment; FIG. 17 1s a Raman spectrum of a
carbon nanotube sample of the present embodiment; and
FIG. 18 and FIG. 19 are X-ray diffraction spectra of a carbon
nanotube sample of the present embodiment.

The carbon nanotube sample for the analysis of the carbon
nanotube structure was prepared in the following manner.
An aluminum substrate that has been electropolished was
subjected to anodic oxidation 1 a 20 weight % aqueous
solution of sulfuric acid 1n an iced water bath (0° C.) under
an applied voltage of 20 V for 2 hours, using an anodic
oxidation device shown 1n FIG. 8, so as to form an anodic
aluminum oxide film (porous anodic aluminum oxide film)
with large numbers of pores. The current-time characteris-
tics of anodic oxidation are as shown by current-time
characteristics 19 1n FIG. 9. The anodic aluminum oxide film
(thickness of about 75 um, and the diameter of pores of
about 30 nm) thus prepared was removed from the alumi-
num substrate. The anodic aluminum oxide film can be
removed by applying a reversed voltage of the applied
voltage for 10 minutes to the aluminum substrate with the
anodic aluminum oxide film in a sulfuric acid aqueous
solution, using the anodic oxidation device shown in FIG. 8.
The anodic aluminum oxide film thus removed was sub-
jected to vapor-phase carbon deposition using a heat CVD
device of FIG. 10 (anodic aluminum oxide film was set 1n a
quartz tube) under the conditions of vapor-phase carbon
deposition 1n the step shown in FIG. 4 of the First Embodi-
ment (2.5% propylene in nitrogen, 800° C., 3 hours), so as
to form carbon nanotubes in the pores of the anodic alumi-
num oxide film and thus obtain the carbon nanotube sample
with the anodic aluminum oxide film (herematter referred to
as carbon nanotube sample for structural analysis).

Note that, simultaneously with the formation of the car-
bon nanotubes, the carbon deposition film 1s formed on the
surtace of the anodic aluminum oxide film. The interface of
the aluminum substrate and the anodic aluminum oxide film
may be provided with an anhydrous alumina layer called a
barrier layer (anodic oxidation stopping layer). In the case
where the anhydrous alumina layer (barrier layer) 1s formed,
the anodic aluminum oxide film that was removed 1s allowed
to stand for an hour 1 a sulfuric acid solution so as to
dissolve the barrier layer.
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The anodic aluminum oxide film was completely removed
by wet etching (150° C., 3 hours) using a 20 weight %
sodium hydroxide aqueous solution with respect to the
carbon nanotube sample for structural analysis, so as to
1solate the carbon nanotube sample.

The carbon nanotube sample was then observed under
TEM. FIG. 16 shows an image of the carbon nanotube
sample observed under TEM. As 1s clear from FIG. 16, the
carbon nanotubes of the present embodiment are multi-
walled carbon nanotubes with multi-walls (multiple layers)
having a diameter of about 26 nm and a thickness of about
6 nm. It can also be seen that the carbon network film
making up the multi-walls has a polycrystalline structure
with divided micro crystal areas interposed between amor-
phous areas. The micro crystal areas are disposed substan-
tially one dimensionally 1n a tube axis direction and the size
thereof 1n the tube axis direction 1s several nm. Such a
structure 1s very diflerent from that of conventional carbon
nanotubes, which do not have the structure in which the
carbon network film 1s divided into micro areas. The struc-
tural difference becomes even more prominent i bulk
graphite.

In the description that follows, the carbon network film of
the carbon nanotubes of the present embodiment 1s 1dentified
and the size of the small areas 1s quantified.

FIG. 17 1s a Raman spectrum of the carbon nanotube
sample for structural analysis (with the anodic aluminum
oxide film). As clearly indicated by FIG. 17, the carbon
nanotube of the present embodiment have Raman spectrum
peaks in the vicinities of 1600 cm™ and 1360 cm™'. Gen-
crally, the bulk graphite has a peak that belongs to the
stretching vibration mode of a C=C bond 1n the vicinity of
1580 cm™" (G band, peak intensity I, ...,). When disturbance
occurs 1n the graphite structure, a peak in the vicinity of
1360 cm™" (D band, peak intensity I,,.,) is observed. The
carbon nanotubes of the present embodiment are character-
1zed by 1ts large peak at I, 5, (D band) and by 1ts broad bands
at [, .4, (G band) and I, 5., (D band), and by shifting of I, .,
(G band) to the high frequency side in the vicinity of 1600
cm™'. This is the phenomenon that is observed when there
1s disturbance 1n the structure of graphite (monocrystal), 1.e.,
lowering of crystallinity. Thus, the carbon nanotubes of the
present mvention have the carbon network film of graphite
and has low crystallinity. Considering the TEM 1mage of
FIG. 16, it 1s believed that this low crystallinity 1s due to the
structure of graphite that 1s divided into micro areas. Table
1 summarizes the result of FIG. 17 using the degree of
graphitization 1,5.,/1, 09, Which indicates crystallinity.

TABLE 1

VAPOR-PHASE CARBON

DEPOSITION TEMPERATURE L1360/ L1600
600° C. 0.863
700 C. 0.800
8OO" C. 0.867
850° C. 0.866

Table 1 indicates degrees of graphitization of the carbon
nanotube sample for structural analysis at vapor-phase car-
bon deposition temperatures 600° C., 700° C., and 800° C.
The degree of graphitization of the carbon nanotube of the
present invention was 0.5 to 1, and that of the present
embodiment 1n particular was around 0.8 to 0.9.

FIG. 18 and FIG. 19 are measurement results of X-ray
diffraction (XRD) spectra with respect to the carbon nano-
tube sample for structural analysis, that were obtained by
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completely removing the anodic aluminum oxide film and
by making the carbon nanotubes into a powder, as with the
sample used for the TEM observation of FIG. 16. FIG. 18
shows the measured X-ray diffraction (XRD) spectrum with
20 1n the range of 0° to 50°, and FIG. 19 shows the measured
X-ray diffraction (XRD) spectrum with 20 in the range of
40° to 50°, respectively showing data that enable the crys-
tallite size in the thickness direction and plane direction to
be calculated. As FIG. 18 indicates, a sharp peak exists near
20=25°. The peak enables the plane interval (d(002)) of the
graphite to be calculated. From FIG. 18 and the Bragg’s
equation, the plane mterval (d(002)) of the carbon nanotubes
of the present embodiment can be calculated. Table 2 shows
plane intervals (d(002)) of the carbon nanotubes when the

vapor-phase carbon deposition temperatures were 600° C.,
700° C., and 800° C.

TABLE 2

VAPOR-PHASE CARBON

DEPOSITION TEMPERATURE PLANE INTERVAL (d(002))

600" C. 0.3915 nm
700° C. 0.3883 nm
800" C. 0.3596 nm

The plane 1ntervals of the carbon nanotubes were approxi-
mately from 0.34 nm to 0.40 nm. The plane interval (d(002))
of the graphite was about 0.3354 nm. The plane intervals of
the carbon nanotubes were thus significantly larger than the
place 1nterval of the graphaite.

The apparent size of the crystallite can be calculated from
the Scherrer’s equation. The peak of the X-ray diffraction
(XRD) spectrum near 20=25° indicates a (002) plane and
that near 20=45° indicates a (10) plane. These can be used
to calculate the crystallite size Lc (FIG. 18) 1n the thickness
direction (direction perpendicular to the tube axis) of the
carbon network film and the crystallite size La (FIG. 19) 1n
the plane direction (direction parallel to the tube axis) of the
carbon network film. Table 3 shows Lc¢ of the carbon
nanotubes when the vapor-phase carbon deposition tempera-
tures were 600° C., 700° C., and 800° C. Table 4 shows La
of the carbon nanotubes when the vapor-phase carbon depo-
sition temperatures were 600° C., 700° C., and 800° C.

TABLE 3

VAPOR-PHASE CARBON
DEPOSITION TEMPERATURE

CRYSTALLITE SIZE (Lc) IN
THICKNESS DIRECTION

600" C. 1.26 nm
700° C. 1.55 nm
800" C. 1.89 nm

TABLE 4

VAPOR-PHASE CARBON
DEPOSITION TEMPERATURE

CRYSTALLITE SIZE (La) IN
PLANE DIRECTION

600" C. 3.20 nm
700° C. 3.99 nm
800" C. 5.26 nm

The Lc of the carbon nanotubes of the present embodi-
ment was 1 nm to 2 nm, and L.a was 3 nm to 6 nm. One can
understand that these are significantly smaller than the
crystallite size of graphite that ranges from several mm to
several cm. It can be seen from the measurement results of
these X-ray diffraction (XRD) spectra that the size of the
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micro areas ol the carbon nanotubes of the present embodi-
ment 1s 3 nm to 6 nm. It can also be seen from FIG. 16 that
the carbon nanotubes have a diameter of about 26 nm. Thus,
it can be seen that the carbon network film of the carbon
nanotubes of the present embodiment 1s divided 1nto micro
arecas which are smaller 1n size than the diameter of the
carbon network film. The measurement results of the X-ray
diffraction (XRD) spectra also made it clear that the micro
areas of the carbon nanotubes of the present invention have
a si1ze of about several nm. The size of the carbon nanotubes
along the tube axis direction is several tens of um, and it thus
can be seen that the carbon network film 1s divided into large
numbers of areas i1n the tube axis direction.

The result of Raman spectrometry and the measurement
result of the X-ray diffraction (XRD) spectra indicate low
crystallimity (polycrystallinity, not monocrystal) of the car-
bon nanotubes of the present invention. A metal coating
(platinum coating) was applied on the both sides of the
carbon nanotube sample for structural analysis, and a bias
was applied onto these surfaces so as to measure resistance.
The result of measurement showed that the carbon nano-
tubes of the present mvention had a resistivity of about 1
k€2-cm to about 100 k€2-cm. This 1s considerably higher than
the resistance of conventional carbon nanotubes (carbon
nanotubes that are synthesized by arc discharge) ot about
5x10 k€2-cm. Thus, the carbon nanotubes of the present
invention can be characterized to have low crystallinity also
by electrical evaluation. Note that, 1n order to further reduce
field emission current, carbon nanotubes with a resistivity of
50 k€2-cm to 70 k€2-cm was most suitable.

It was confirmed that such a structure of the low crystal-
limity carbon nanotubes was preferable 1n reducing the
emission start voltage and the driving voltage. In conven-
tional electron source structures, a high resistor layer was
provided under the electron source. The electron source of
the present mvention does not require an additional high
resistor layer because of a high resistivity of the carbon
nanotubes 1tself, that 1s 1n a range of about 1 k£2-cm to 100

k€2-cm.

Fourth Embodiment

The present embodiment explains electrical characteris-
tics, 1.e., field emission characteristics of the carbon nano-
tubes of the present invention.

Carbon nanotubes were prepared as 1n the Third Embodi-
ment and field emission characteristics of the bipolar tube
structure were evaluated. FIG. 20 shows a field emission
characteristics evaluation device of a carbon nanotube elec-
tron source of the present embodiment; FIG. 21 shows
emission current—applied voltage characteristics (*I-V
characteristics” hereinafter) of the carbon nanotube electron
source of the present embodiment, and FIG. 22 1s a
Fowler—Nordheim plot of the carbon nanotube electron
source of the present embodiment (R. H. Fowler and L. W.
Nordheim, Proc. R. Soc. London, Ser. A119, 173 (1928)).

The carbon nanotube electron source of the present
embodiment was prepared by detaching the anodic alumi-
num oxide film that 1s formed on the aluminum substrate,
followed by vapor-phase carbon deposition (2.5% propylene
in nitrogen, 800° C., 3 hours), as explamned in the Third
Embodiment. The anodic aluminum oxide film after vapor-
phase carbon deposition was subjected to the oxygen plasma
process (500 W, oxygen flow rate of 100 sccm, 10 Pa, 10
minutes) by reactive 1on etchuing, so as to remove the carbon
deposition film on the surface of the anodic aluminum oxide
film. The anodic aluminum oxide film was removed by wet
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etching (20% sodium hydroxide aqueous solution, 150° C.,
2 hours). The field emission characteristics evaluation
device shown 1n FIG. 20 was used to evaluate field emission
characteristics of the carbon nanotube electron source thus
obtained. Referring to FIG. 20, the carbon nanotube electron
source (carbon nanotube array in which a plurality of carbon
nanatubes 8 are bound by the alumina particles) was bonded
(anchored) on the cathode electrode wiring 2 (conductive
substrate) using a conductive paste such as a silver paste or
a carbon paste, so as to provide a cathode electrode that 1s
provided with the carbon nanotubes. Note that, as the
substrate for supporting the carbon nanotube electron
source, an insulating substrate such as a glass substrate may
be provided instead of the conductive substrate. In this case,
the conductive paste can also serve as the cathode electrode
wiring 2.

An anode electrode 27 1s provided opposite the cathode
clectrode with the carbon nanotubes (cathode electrode
wiring 2 and carbon nanatubes 8), and a spacer was serted
between the cathode electrode with the carbon nanotubes
and the anode electrode 27, so as to form an electrode gap.
In the field emission characteristics evaluation, the electrode
gap was the distance between the tips of the carbon nan-
atubes 8 and the anode electrode 27. In the present embodi-
ment, the electrode gap was 2 mm, and a driving voltage was
applied between the anode electrode 27 and the cathode
clectrode wiring 2, so as to measure field emission current
density. FIG. 21 shows I-V characteristics of field emission
current of the carbon nanotube electron source of the present
embodiment. Field emission of the carbon nanotube electron
source of the present embodiment started when the intensity
of the driving electric field was 0.25 V/um, and at the
intensity of the driving electric field 1 V/um, a field emission
current density at or greater than 10 mA/cm” (about 10.5
mA/cm?®) was observed.

Table 5 shows field emission start electric field intensity
and operating electric field intensity (driving electric field
intensity that 1s required to generate a field emission current
of 10 mA/cm” current density) for the carbon nanotube
clectron source (Present Embodiment) of the present
embodiment, a carbon nanotube electron source (Compara-
tive Example 1) that was made by a conventional arc
discharge technique, and a conventional Spindt type metal
clectron source (Comparative Example 2). Note that, the
field emission start electric field intensity was determined
from the graph of I-V characteristics. The field emission
current that 1s generated when an electric field with the field
emission start electric field intensity was applied 1s at the
level of less than several tens of nA/cm?. The field emission
current required for a typical high voltage thin film 1mage
forming device can be designed with the field emission
current density of about 10 mA/cm?.

TABLE 3
OPERATING

FIELD EMISSION ELECTRIC FIELD

START ELECTRIC INTENSITY

FIELD INTENSITY (10 mA/cm?)
PRESENT 0.25 V/um 1 V/um
EMBODIMENT
COMPARATIVE 10 V/um 25 V/um
EXAMPLE 1
COMPARTIVE 100 V/um 140 V/um
EXAMPLE 2

Note that, the carbon nanotube electron source of Com-
parative Example 1 was prepared by a method 1in which the

10

15

20

25

30

35

40

45

50

55

60

65

36

carbon nanotubes made by arc discharge were dispersed 1n
cthanol and then anchored on a tetratluoroethylene resin
(product name “Tetlon” provided by Du Pont) plate (W. A.
de Heer et al., Science, 270, 1179 (1993)).

The field emission characteristics of the carbon nanotubes
of Comparative Example 1 were measured as follows. First,
a grid electrode was disposed on the carbon nanotube
clectron source of Comparative Example 1 so that a gap of
20 um from the carbon nanotubes was provided. A voltage
was applied between the gnid electrode and the carbon
nanotubes and the voltage was gradually increased so as to
measure I-V characteristics. FIG. 40 shows the result of
measurement. It can be seen from the graph of I-V charac-
teristics of FIG. 40 that field emission starts when the

clectric field intensity reaches 10 V/um (when the applied
voltage reaches 200 V).

Note that, the carbon nanotube electron source of Com-
parative Example 1 1s described as oriented carbon nano-
tubes 1n the document “W. A. de Heer et al., Science, 270,
1179 (1995)”. However, the carbon nanotube electron
source ol Comparative Example 1 1s actually a cast film (a
film of carbon nanotubes whose tips (tube axes) direct not 1n
a direction exactly perpendicular to the substrate but in other
directions). It 1s therefore assumed that the carbon nanotube
clectron source of Comparative Example 1 has an inferior
carbon nanotube orientation state than that of the carbon
nanotube electron source of the present embodiment. The
carbon nanotube electron source of the present embodiment
differs from the carbon nanotube electron source of Com-
parative Example 1 in which individual pieces of carbon
nanotubes are oriented. In the carbon nanotube electron
source of the present embodiment, the carbon nanotubes are
bound to one another by the fine particles of the anodic
aluminum oxide film and the carbon nanotubes do not exist
in separate pieces. Thus, a desirable orientation state (the
axis direction of the carbon nanotubes 1s oriented 1n a
direction perpendicular to the substrate) 1s maintained. The
orientation state of the carbon nanotubes of the present
embodiment 1s therefore far more superior than that of
Comparative Example 1.

As 1s clear from Table 5, the field emission start electric
field intensity of the carbon nanotube electron source of the
present embodiment 1s 0.25 V/um and i1s notably small,
which 1s about Y40 of that (10 V/um) of the conventional
carbon nanotube electron source (Comparative Example 1),
and about Voo of that (100 V/um) of the conventional metal
clectron source (Comparative Example 2). The operating
clectric field mtensity (driving electric field intensity that 1s
required to generate a field emission current of 10 mA/cm”
current density) of the carbon nanotube electron source of
the present embodiment 1s 1 V/um, which 1s a significant
drop to about l4s of that (25 V/um) of the conventional
carbon nanotube electron source (Comparative Example 1),
and about Y140 of that (140 V/um) of the conventional metal
clectron source (Comparative Example 2). The carbon nano-
tube electron source of the present invention capable of
low-voltage driving allows use of a conventional thin-film
transistor (TF'T) that 1s driven 1n a voltage range of about 20
V to 30 V, which enables the carbon nanotube electron
source of the present mvention to be installed 1n displays
such as a field emission display. From a different perspec-
tive, 1n the carbon nanotube electron source of the present
embodiment, the field emission current density when an
clectric field of 1 V/um electric field intensity 1s applied 1s
10 mA/cm?, which is higher than that of conventional
carbon nanotube electron sources.
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Note that, 1t 1s envisaged that the field emission start
clectric field intensity and the operating electric field inten-
sity become weak when the density of the carbon nanotubes
1s reduced and the electric field 1s concentrated, as in the
carbon nanotube electron source of the Japanese Patent
Publication for Unexamined Patent Application No. 57934/
2000 (Tokukai1 2000-57934). It 1s therefore required that the
field emission start electric field intensity and the operating
clectric field intensity be compared at the same density. The
result of Table 5 1s the result of measurement at a relatively
high carbon nanotube density.

FIG. 22 1s a Fowler—Nordheim plot of the I-V charac-
teristics of FIG. 21. Typically, field emission characteristics
are expressed by Fowler—Nordheim relations (R. H. Fowler
and L. W. Nordheim, Proc. R. Soc. London, Ser. A119, 173
(1928)), and 1n a plot where the vertical axis represents 1/Va
and the horizontal axis represents log (Ia/Va®) (Ia: emission
current, Va: applied voltage), the Fowler—Nordheim plot 1s
linear, ascending to the left. FI1G. 22 clearly indicates that the
Fowler—Nordheim of the carbon nanotube electron source
of the present embodiment has a good linear relationship,
and 1t was confirmed that the I-V characteristics of the
carbon nanotube electron source of the present embodiment
as shown 1n FIG. 21 1s the field emission characteristics.

Fifth Embodiment

The present embodiment describes a structure of carbon
nanotubes (surface modified carbon nanotubes) that are
obtained by performing surface modification i a field
emission area of the carbon nanotubes of the present inven-
tion, and field emission characteristics of such carbon nano-
tubes, with reference to the SEM 1mages of F1G. 23 through
FIG. 30, the field emission characteristics (I-V characteris-
tics) of FIG. 31, and the results of surface analysis (results
of measurement on X-ray photoelectron spectrometry (XPS)
spectrum) shown 1n FIG. 32 through FIG. 35. The surface

modified carbon nanotubes emit electrons at a lower voltage
than the carbon nanotubes before the surface modification.

FI1G. 23 and FIG. 24 are SEM 1mages of carbon nanotubes
alter an oxygen (O,) plasma process (etching with oxygen
plasma), mm which FIG. 23 i1s the SEM image viewed
diagonally from above on a 45° angle; and FIG. 24 1s the
SEM 1mage viewed top down. FIG. 25 and FIG. 26 are SEM
images of carbon nanotubes after a CHF,; plasma process
(etching with CHF, plasma), in which FIG. 25 i1s the SEM
image viewed diagonally from above on a 45° angle; and
FIG. 26 1s the SEM 1mage viewed top down. FIG. 27 and
FIG. 28 are SEM 1mages of carbon nanotubes after an Ar
plasma process (etching with Ar plasma), in which FIG. 27
1s the SEM image viewed diagonally from above on a 45°
angle; and FIG. 28 1s the SEM 1mage viewed top down. FIG.
29 and FIG. 30 are SEM images of (untreated) carbon
nanotubes without a plasma process, 1n which FIG. 29 1s the
SEM 1mage viewed diagonally from above on a 435° angle;
and FI1G. 30 1s the SEM 1mage viewed top down. Note that,
as the term 1s used herein, “diagonally from above on a 45°
angle” and “top down” are with respect to the carbon
nanotubes that are disposed with their exposed end surface
facing up and with respect to the base substrate that is
disposed horizontally, as shown 1n FIG. 7.

FIG. 31 shows field emission current—applied voltage
characteristics of the carbon nanotube electron source after
the O, plasma process, of the carbon nanotube electron
source aiter the CHF; plasma process, of the carbon nano-
tube electron source after the Ar plasma process, and of the
untreated carbon nanotube electron source. FIG. 32 shows
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the result of measurement on X-ray photoelectron spectrom-
etry (XPS) spectrum of the carbon nanotubes after the O,
plasma process.

In the present embodiment, the anodic aluminum oxide
film formed on the aluminum substrate was detached and
subjected to vapor-phase carbon deposition (2.5% propylene
in nitrogen, 800° C., 3 hours), as 1n the Third Embodiment.
The anodic aluminum oxide film after the vapor-phase
carbon deposition was subjected to a plasma process by
reactive 1on etching (RIE), so as to remove the carbon
deposition {ilm on the surface of the anodic aluminum oxide
film. The anodic aluminum oxide film was removed by wet
etching (20 weight % sodium hydroxide aqueous solution,
150° C., 2 hours). In the present embodiment, various
plasma processes (O, plasma process, CHF ; plasma process,
and Ar plasma process) were carried out to confirm the
structure and field emission characteristics.

In the present embodiment, the plasma processes
employed sputter etching. The sputter etching is a technique
in which plasma 1s generated on a sample position and an
clectric field 1s applied to the sample, so as to cause
bombardment of ions 1n the plasma on the sample. Among
different types of sputter etching, those with a chemical
reaction mechamsm in which active 1ons are reacting species
are called reactive 10on etching (RIE). Among the foregoing
three types of plasma processes, the O, plasma process and
CHEF, plasma process are reactive 1on etching, and the Ar
plasma process 1s physical sputter etching.

In the carbon nanotubes after the O, plasma process, as
shown by the SEM 1mages of FIG. 23 and FIG. 24, multi-
walls on the end surface of the carbon nanotubes (surface
modified area, the cross section at the top of the carbon
nanotubes) can be clearly observed, thereby confirming the
hollow structure.

In the carbon nanotubes after the CHF, plasma process, as
clearly indicated in FIG. 25 and FIG. 26, the hollow struc-
ture of the carbon nanotubes cannot be observed. Rather, the
end surface of the carbon nanotubes appears to be closed.

Further, as shown in FIG. 27 and FIG. 28, the wall was
also observed on the end surface of the carbon nanotubes
after the Ar plasma process, though not as clearly as that of
the carbon nanotubes after the O, plasma process.

For comparison, SEM 1mages of the carbon nanotubes
untreated by the plasma process are shown in FIG. 29 and
FIG. 30. It can be seen that the carbon deposition film
adheres on the surface of the anodic aluminum oxide film.
Particularly, as can be seen i FIG. 30 which shows the
anodic aluminum oxide film as viewed directly from above,
the carbon deposition film adheres to the extent where the
pores of the anodic aluminum oxide film are buried.

Note that, the plasma process, as 1t 1s used 1n the produc-
ing process, 1s performed to remove the carbon (surface
carbon) that has deposited on the surface of the anodic
aluminum oxide film, so as to shape the carbon nanotubes.
That 1s, without the plasma process, the carbon that has
deposited on the surface of the anodic aluminum oxide film
1s not removed and the independent shapes of the carbon
nanotubes cannot be obtained. In other words, the carbon
nanotubes without the plasma process do not have the
independent shapes.

The O, plasma process and the CHF, plasma process of
the present embodiment are chemical etching in which
oxygen radicals in the case of the former and fluorine
radicals in the case of the latter react with carbon to proceed
ctching. On the other hand, the Ar plasma process 1s physical
etching 1n which Ar™ 10ns, which are inert 1ons, are sputtered
to proceed etching. It 1s envisaged that the sharp end surface
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of the carbon nanotubes processed by O, plasma 1s due to
oxidation of the carbon that makes up the tips of the carbon
nanotubes and removal of the oxidized carbon in the form of
a gas as a result of the O, plasma process. It 1s believed that
the reason the end surface of the carbon nanotubes processed
by CHF; plasma appears to be closed 1s that the carbon that
makes up the tips of the carbon nanotubes reacts with
fluorine radicals, and fluorides (fluorocarbon) are deposited
on the tips (end surface) of the carbon nanotubes. On the
other hand, the end surface of the carbon nanotubes pro-
cessed by Ar plasma 1s physically sputtered by Ar ions and
thus believed to have some 1rregularities as shown 1n FIG.
28. It 1s envisaged that dangling bonds exist in high density
in the end surface.

FIG. 31 shows field emission characteristics (I-V charac-
teristics; plotted by o) of the carbon nanotubes processed by
O, plasma, field emission characteristics (I-V characteris-
tics; plotted by A) of the carbon nanotubes processed by
CHF plasma, and field emission characteristics (I-V char-
acteristics; plotted by ) of the carbon nanotubes processed
by Ar plasma. Note that, at an electric field intensity at or
below 5 V/um, field emission was not observed 1n the carbon
nanotubes not processed by the plasma process. As 1s clear
from FIG. 31, the field emission start electric field intensities
of the carbon nanotubes were 0.25 V/um, 1.25 V/um, and 3.0
V/um 1 the O, plasma process (o plot), the CHF; plasma
process (A plot), and the Ar plasma process (O plot),
respectively. Thus, 1t was found that the field emission start
clectric field intensity of the carbon nanotubes was lowest 1n
the O, plasma process (o plot), followed by the CHF,
plasma process (A plot) (about 5 times greater than the O,
plasma process) and the Ar plasma process (O plot) (about
12 times greater than the O, plasma process). Note that, the
field emission start electric field intensity of the carbon
nanotubes processed by Ar plasma 1s about V5 of that of
conventional carbon nanotubes, which 1s sufliciently low.

FIG. 32 through FIG. 35 are X-ray photoelectron spec-
trometry (heremafter “XPS”) spectra. Shown in FIG. 32
through FIG. 34 are measurement data of carbon nanotubes
that are processed by O, plasma, CHF, plasma, and Ar
plasma. Shown i FIG. 35 1s measurement data of the carbon
nanotubes before the plasma process (unprocessed by the
plasma process). In the spectrum of the carbon nanotubes
not processed by the plasma process as shown 1n FIG. 35, a
sharp peak (Cls) that dernives from the graphite structure
forming hybrid sp” orbitals is observed at 284.6 eV. By
comparing the plasma processed carbon nanotubes (FI1G. 32
through FIG. 34) with the unprocessed carbon nanotubes
(FIG. 35), 1t can be seen that the peaks of the plasma
processed carbon nanotubes are broader than the peak of the
unprocessed carbon nanotubes. Further, the XPS spectra of
the carbon nanotubes processed by O, plasma (FIG. 32),
CHF, plasma (FIG. 33), and Ar plasma (FIG. 34) have
shoulder peaks in the vicinity of 290 eV. Further, the XPS
spectra of the carbon nanotubes processed by O, plasma
(FIG. 32) and CHF, plasma (FIG. 33) have large peaks 1n the
vicinity of 286 eV. The peak in the vicinity of 286 €V can
be attributed to the C—O bonds, and the peak 1n the vicinity
ol 290 eV can be attributed to the O=C—O0 bonds. The XPS
spectrum of the carbon nanotubes processed by O, plasma
has a broad peak shape (peak area) in a domain of 286 eV
to 290 ¢V, and therefore it 1s envisaged that the covalent
bonds that connects oxygen and carbon 1n high concentra-
tion have 1n some way influenced the low voltage field
emission of the carbon nanotube electron source of the
present invention. However, the composition ratio (O/C) of
oxygen with respect to carbon 1n the field emission area of

10

15

20

25

30

35

40

45

50

55

60

65

40

the carbon nanotubes of the present embodiment, that was
found from the XPS spectra of FIG. 32 through FIG. 34, was
around 0.1 to 0.3. Further, the peak in the vicinity of Cls

(286.6 eV) was broader 1n order of no plasma process (half
bandwidth of the 284.6 eV peak: 2.2 V), the Ar plasma

process (half bandwidth of the 284.6 eV peak: 3.0 €V), the
CHEF; plasma process (half bandwidth of the 284.6 ¢V peak:
3.0 V), and the O, plasma process (halt bandwidth of the
284.6 eV peak: 4.2 eV). It 1s envisaged from these X-ray
diffraction (XRD) spectra that the oxygen connected to
carbon has some influence on field emission. Also, the
bonding state of carbon and oxygen may be related to field
€mission 1n some way.

Note that, the foregoing plasma processes may be plasma
etching in which plasma of an active gas such as O, or CHF,
1s generated on a sample position so as to cause radials 1n the
plasma to react with the sample, or reactive ion beam
etching 1n which an 1on beam of active 1ons generated from
an active gas such as O, or CHF; 1s projected on a surface
of the sample. Further, the plasma processes may be physical
ion beam etching in which an ion beam of inert 1ons
generated from an nert gas such as Ar 1s projected on a
surface of the sample.

Sixth Embodiment

Referring to FIG. 36 and FIG. 37, the following explains
a field emission display (FED) 1in which the carbon nanotube
clectron source of the present invention 1s 1nstalled 1n a field
emission part (pixel).

A plurality of cathode electrode wires 2 that are parallel
to one another are formed on a base substrate 1 made of an

insulating material such as a glass substrate or a ceramic
substrate. On the cathode electrode wires 2 are formed an
anodic oxidation stopping layer (high resistor layer) 3. The

anodic oxidation stopping layer (high resistor layer) serves
to limit the field emission current, and 1s made of silicon,

silicon carbide, silicon oxide, silicon nitride, or a mixture of
these compounds. On the anodic oxidation stopping layer
(high resistor layer) 3 and the cathode electrode wires 2 are
formed the field emission part, 1.e., pixels, and the carbon
nanatubes 8 are formed on the pixels. The carbon nanatubes
8 are anchored by the anodic aluminum oxide film §. The

anodic aluminum oxide film 5 1s shown flat in FIG. 36, but
an alternate arrangement, 1n which the carbon nanatubes 8
are anchored by particles, 1s also possible. The FED tested
in the present embodiment 1s designed to have a 100
umx100 um pixel and to have about 10° carbon nanatubes 8.
Around the pixels are formed the gate nsulating layer 10,
and the gate electrode wires 11 are formed on the gate
insulating layer 10 so as to be orthogonal to the cathode
clectrode wires 2. The pixels are XY addressed by the
cathode electrode wires 2 and the gate electrode wires 11. In
the present embodiment, a single gate opening of 100
umx100 um 1s provided to make up one pixel. However, a
single pixel may be divided into a plurality of parts. For
example, one hundred of 1 umx1 um gate openings may be
provided to make up a pixel. By thus dividing the pixel into
micro areas, redundancy of field emission can be obtained.

Further, in the carbon nanotube electron source of the
present invention, the carbon nanatubes 8 are provided such
that each carbon nanotube 8 1s provided for each of large
numbers of pores of the template (porous film). The template
with large numbers of pores must satisty the condition that
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the pore density 1s readily controlled. In the present inven-
tion, 1t 1s preferable that the template with large numbers of
pores 1s the porous anodic aluminum oxide film. By con-
trolling the pore density of the porous anodic aluminum
oxide film to design the density of the carbon nanotubes, the
electric field of the carbon nanotubes can be more concen-
trated and the efliciency of field emission can be improved
(lower voltage 1s required for the field emission). The anodic
aluminum oxide film 5 1s described 1n more detail below.
The anodic alumina oxide film 5 has an important role 1n
designing the shape of the carbon nanatubes 8. That is, the
length, diameter, and density of the carbon nanotubes 8 are
dependent on the thickness of the anodic aluminum oxide
film § and the diameter and density of the pores 6 of the
anodic aluminum oxide film 5, respectively. As the anodic
aluminum oxide film 5, an aluminum, film 4 that 1s formed
by a sputtering method or a vapor deposition method 1s used,
and the thickness of the anodic aluminum oxide film 5 is
controlled. It was verified by experiment that the thickness
of the anodic aluminum oxide film was about 1.5 times that
of the aluminum film 4. However, when 10 um or thicker
thickness 1s required for the anodic aluminum oxide film 3,
it 1s preferable that the anodic aluminum oxide film 3 be
made by pasting aluminum foils. The diameter and density
of the pores of the anodic aluminum oxide film can be easily
be controlled by a chemical solution of the anodic oxidation
or by applied voltage, etc. By forming the anodic aluminum
oxide film 3 according to the device design and by using the
corresponding carbon nanotubes as the electron source,
carbon nanatubes 8 with superior field emission character-
1stics can be structured.

Further, the carbon nanotubes of the present invention can
contain a conductive material inside the tubes. By contain-
ing a conductive material inside the tubes, the resistance of
the electron source can be reduced and a carbon nanotube
clectron source capable of emitting large current electrons
can be realized. An organic metal material such as 1ron can
be readily introduced into the tubes 1n a vapor phase. In the
present embodiment, 1ron was contamned in the carbon
nanotubes using ferrocene, so as to reduce resistance of the
carbon nanotube electron source. As a result, large current
field emission of around several A/cm® was observed.

A back plate having the described cathode structure and a
face plate having a fluorescent material 28 on the anode
clectrodes 27 are disposed opposite to each other with a gap
of 1 mm to 2 mm therebetween. A voltage of around 5 kV
to 7 kV was applied to the anode electrodes 27 to cause the
carbon nanotube electron source of the tripolar tube struc-
ture to emit electrons toward the fluorescent material 28. As
a result, emission of light from the fluorescent material 28
was observed and the luminance of the light was 10,000
cd/m*. Therefore, it was confirmed that the thin display
having installed therein the carbon nanotube electron source
of the present embodiment had superior device characteris-
tics that consumes low power and produces high luminance.

Note that, the carbon nanotube electron source disclosed
in Japanese Publication for Unexamined Patent Application
No. 10-12124 has lead electrodes (grid) at the openings of
the pores of the anodic aluminum oxide film, and therefore
has a problem that manufacturing yield 1s low and the
driving pulse signal waveform 1s susceptible to degradation
by the thin electrodes that cannot be made thicker.

In contrast, 1n the carbon nanotube electron source of the
present embodiment, the gate electrode wires 11 are formed
not over the openings of the pores of the anodic aluminum
oxide film 5 but 1n the vicimity of the openings of the pores
of the anodic aluminum oxide film 5, without covering the
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openings. This enables production yield to be improved and
the thickness of the electrodes to be increased, thereby
preventing degradation of the drniving pulse signal wave-
form.

The following explains a driving method of the electron
source that can emit electrons at a low voltage. The driving
method 1s not just limited to the carbon nanotube electron
source of the present embodiment but 1s also applicable to,
for example, a diamond electron source that has negative
clectron athnity.

FIG. 37 1s a cross sectional view of the FED (display) of
the present embodiment. The back plate (cathode side)
includes the base (glass) substrate 1, the cathode electrode
wiers 2, the anodic oxidation stopping layer 3 (high resistor
layer), the carbon nanatubes 8, the gate msulating layer 10,
and the gate electrode wires 11. The gate electrode wires 11
extend into the plane of the paper in the drawing, and the
cathode electrode wires 2 extend from the right toward the
left of the drawing. The face plate (anode side) 1s made up
of the base substrate 29, the anode electrode 27, which 1s a
transparent electrode made of indium tin oxide or the like,
and the fluorescent material 28. The panel size was diago-
nally 5 inches, the number of pixels was 320x240, and a
getter was disposed with a degree of vacuum at 10™° Torr.

In the FED (display) of the present embodiment, the
cathode electrode wiers 2, the gate electrode wires 11, the
anode electrode 27, and a power supply which applies a
voltage to these elements make up electric field applying
means that applies an electric field to the carbon nanatubes
8.

In the display using the carbon nanotube electron source
of the present embodiment, the driving electric field mten-
sity E , between the anode electrode 27 and the carbon
nanatubes 8 1s greater than the driving electric field intensity

E. between the gate electrode wires 11 and the carbon
nanatubes 8. That 1s,

E Vi~V GrEs~ VeV Ge

where V , 1s the anode voltage, V - 1s the gate voltage, V - 1s
the cathode wvoltage, G, 1s the gap between the anode
clectrode 27 and the carbon nanatubes 8, and G, 1s the gap
between the gate electrode wires 11 and the carbon nan-
atubes 8.

In the present embodiment, when the anode voltage V  1s
5 kV, the cathode voltage V . 1s grounded, and the gap G,
between the anode electrode 27 and the carbon nanatubes 8
is 1 mm, E =5x10* V/cm.

The carbon nanatubes 8 of the present embodiment was
driven by the driving method of the present embodiment.
The fluorescent material 28 on the face plate emitted light
when the gate voltage V=0 V, and the light from the
fluorescent material 28 diminished when the gate voltage V .
was 1increased (e.g., when the gap G, between the gate
clectrode wires 11 and the carbon nanatubes 8 was 6 um, and
the gate voltage V - was 30 V). This 1s because the decrease
(OFF) of the electric field intensity E_ between the gate
clectrode wires 11 and the carbon nanatubes 8 reduces the
field emission current. Driving of the display was enabled 1n
this manner.

It was also confirmed by simulation that with the driving
method of the present embodiment, the emitted electron
beam was able to converge, making it possible to prevent
crosstalk without providing a converging electrode.

For example, a conventional carbon nanotube electron
source with an emission start electric field intensity of
several V/cm, when it 1s designed with essentially the same
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structure as that of the present embodiment, would require
a higher anode voltage V of several tens of KV or a smaller
gap of several hundreds of um, which 1s not practical.
Further, the gate voltage V - needs to be increased to several
hundreds of volt and a high resistant driver will be required.

The foregoing problem of the conventional carbon nano-
tube electron source can be solved eflectively with the use
of the low voltage driving carbon nanotube electron source
of the present embodiment as described above. The use of
the carbon nanotube electron source of the present embodi-
ment not only enables the device to be designed with a
resistant margin of applied voltage but also allows use of a
low voltage driver such as a TF'T driver, thus reducing cost
of the device.

Seventh Embodiment

A carbon nanotube of the present embodiment partially
has amorphous areas 1n 1ts structure, and 1s produced by a
method as described 1n the First Embodiment.

An SEM observed image has shown that the carbon
nanotube of the present embodiment has a diameter of 30 nm
and a length of 75 um. The SEM observed image has also
shown that the carbon nanotube of the present embodiment
had superior orientation and notably high density. Further,
the carbon nanotube of the present embodiment, because it
1s formed by using pores with open ends as a template,
contained only carbon atoms without a metal catalyst or the

like.

Characteristics of conventional carbon nanotubes are
explained below. Conventional carbon nanotubes are formed
by an arc discharge method or a CVD method using a metal
catalyst such as cobalt, 1ron, or nickel. Conventional carbon
nanotubes formed by arc discharge had a closed end and
non-uniform diameter and length. Further, conventional
carbon nanotubes formed by a CVD method, because they
had a closed growth end and used a metal catalyst such as
cobalt, 1ron, or nickel, contained a catalyst metal as consti-
tuting atoms. Detailed description of a growth model of such
a carbon fiber using catalyst metal has been given by Endo

et al. (Morinobu, ENDQ, Solid State Physics, 12, 1(1977)).

The biggest difference 1n the shape of the carbon nano-
tubes of the present embodiment and that of the conven-
tional carbon nanotubes 1s the presence or absence of micro
crystal defects (amorphous areas) in the carbon nanotubes.
The imventors of the present invention have proven by
experiment that this difference has the largest influence on
field emission characteristics such as the field emission start
voltage and driving voltage.

The carbon nanotube of the present embodiment partially
has micro crystal defects (amorphous areas), which appear
as “joints” under TEM. In the carbon nanotube of the present
embodiment, a graphite layer observed under TEM extends
in the lengthwise direction of the tube and 1s divided nto
micro areas and 1s discontinuous (intermittent). This char-
acteristic structure of the carbon nanotubes of the present
embodiment 1s obtained by the carbonization reaction that
takes place on the mner wall of the template (porous
alumina) without using a metal catalyst for the growth of the
carbon nanotubes. The carbon nanotubes of the present
embodiment are the result of carbonization on the 1nner wall
of the pores of the template, and the carbon nanotubes grow
as they impart a huge stress on the inner wall of the pores.
It 1s believed that the discontinuous graphite structure 1s the
result of the influence of such a stress on graphite layer
formation.
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On the other hand, the conventional carbon nanotubes that
are formed by arc discharge, as shown by the TEM observed
image in the publication Y. Saito, Ultramicroscopy, 73,
1(1998)), do not have the “joints” associated with the
amorphous areas observed in the present embodiment.

Rather, the graphite layer 1s continuously formed in the
lengthwise direction of the tubes.

Note that, 1t 15 believed that the carbon nanotubes with the
amorphous areas (crystal defects) can also be produced by
causing crystal defects to generate on carbon nanotubes that
were formed by a conventional method using arc discharge
or a method using a metal catalyst, by bombardment of 10ns
of an 1nert gas such as argon or helium. However, the carbon
nanotubes obtained in this manner may not have the graphite
arecas (micro crystal areas) ol equal interval along the
lengthwise direction of the tubes as the carbon nanotubes of
the present embodiment.

Eighth Embodiment

A carbon nanotube of the present embodiment partially
has amorphous areas 1n 1ts structure, and 1s produced by a
method as described in the First Embodiment.

FIG. 40 compares a carbon nanotube electron source of
the present embodiment and the conventional carbon nano-
tube electron source of arc discharge with respect to their
field emission characteristics (I-V curve). It can be seen that
the carbon nanotube electron source (o plot 1n the drawing)
has a significantly lower field emission start voltage than the
conventional carbon nanotube electron source (broken line
in the drawing). It can also be seen that the carbon nanotube
clectron source of the present embodiment has a steep rise
of field emission current and the field emission current 1s
obtained at a low driving voltage.

Note that, in the described embodiments, the vapor-phase
carbon deposition method (pyrolysis of hydrogen carbide)
was used to deposit carbon in the pores. However, the
method of depositing carbon 1n the pores 1s not particularly
limited and it 1s also possible to employ an arc discharge
method 1n which arc discharge 1s induced between two
carbon electrodes to generate carbon vapor, or a laser
vaporization method 1n which a carbon rod 1s irradiated with
a laser to generate carbon vapor. Regardless of the arc
discharge method or laser vaporization method, the tem-
perature in the growing space of the carbon nanotubes (not
in the vicinity of the carbon rod but 1n the vicinity of the
surface where the carbon deposition film 1s formed) 1s

preferably 600° C. to 900° C.

Further, the foregoing embodiments used the multi-
walled carbon nanotubes. However, the present invention
can also be realized by single-walled carbon nanotubes.

The ivention being thus described 1n the specific
embodiments or examples 1n the best mode for carrying out
the invention section, 1t will be obvious that the same way
may be varied 1n many ways. Such variations are not to be
regarded as a departure from the spirit and scope of the
invention, and all such modifications as would be obvious to
one skilled in the art are intended to be included within the
scope of the following claims.

INDUSTRIAL APPLICATIONS OF TH
PRESENT INVENTION

T

As described, a carbon nanotube of the present mnvention
has an arrangement 1n which a carbon network film has a
polycrystal structure which 1s divided into a plurality of
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crystal areas 1n a tube axis direction. In this way, a carbon
nanotube that can emit large current electrons at a low
voltage can be provided.

As described, an electron source of the present invention
includes the carbon nanotube of the foregoing arrangement
as a field emission part. In this way, an electron source that
can emit large current electrons at a low voltage can be
provided.

A display of the present mvention includes an electron
source which has a plurality of carbon nanotubes of the
foregoing arrangement as a field emission part, and electric
field applying means for applying an electric field to each
carbon nanotube so as to cause each carbon nanotube to emit
clectrons. In this way, a display capable of carrying out low
power display can be provided.

As described, a producing method of a carbon nanotube
of the present mvention 1s a method i which carbon 1s
deposited 1n the absence of a metal catalyst in the pores. In
this way, a carbon nanotube that can emit large current
clectrons at a low voltage can be provided.

As described, a producing method of an electron source of
the present invention 1s a method 1n which a porous material
with large numbers of pores 1s used an a support member,
and carbon 1s deposited inside the pores of the porous
material 1n the absence of a metal catalyst, so as to form a
carbon deposition film of a cylindrical shape. In this way, an
clectron source that can emit large current electrons at a low
voltage can be provided. Further, unlike a producing method
that uses a metal catalyst, there 1s no shape non-uniformity,
which 1s dependent on the growth of the carbon nanotube,
and therefore uniformity of field emission 1n the field
emission area and the device plane can be improved.

As described, a producing method of a carbon nanotube
of the present mvention 1s a method 1 which, a carbon
deposition film, after it 1s formed, 1s plasma etched so as to
modily the field emission area. By thus modifying the field
emission area, a carbon nanotube that can emait large current
clectrons at a low voltage can be provided.

As described, a producing method of an electron source of
the present invention 1s a method 1n which a porous material
with large numbers of pores 1s used as a support member and
carbon 1s deposited inside the pores of the porous material
so as to form a carbon deposition film of a cylindrical shape,
and thereaiter the carbon deposition film 1s plasma etched to
modity the tip of the carbon deposition film. In this way, the
field emission area of the carbon nanotube can be modified,
and thereby provide an electron source that can emit large
current electrons at a low voltage.

As described, the electron source and display of the
present invention have an arrangement that further includes
particles, dispersed between carbon nanotubes, that bind
side surfaces of the carbon nanotubes adjacent to one
another. In this way, the electric field concentrates on the
carbon nanotubes more easily. As a result, 1t 1s possible to
provide an electron source that can emit large current
clectrons at a low voltage and a display capable of carrying
out low power display.

As described, the electron source and display of the
present invention have an arrangement 1n which the support
member 1s a porous layer, formed on a substrate, having
large numbers of through-pores, and the carbon nanotube 1s

tormed 1n a cylindrical shape inside the pores so that one end
ol the carbon nanotube 1s closed on the side of the substrate
and an end face of the carbon nanotube on the side of the
substrate adheres to a surface of the substrate. As a result, an
clectron source and a display with the carbon nanotubes
firmly adhering to the support member can be realized with
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highly reliable electrical connections between the carbon
nanotubes and the support member.

As described, the electron source and display of the
present invention have an arrangement 1n which the carbon
nanotube 1s at least partially connected to the inner wall of
the pores. In this way, the bond strength between the carbon
nanotube and the support member can be increased and the
clectron source and display can be realized with high
reliability.

As described, the electron source and display of the
present invention have an arrangement 1 which the emis-
sion start electric field intensity 1s 1n a range of from 0.25
V/um to 0.5 V/um. In this way, 1t 1s possible to provide an
clectron source that can emit large current electrons at a low
voltage and a display capable of low power display.

As described, the electron source and display of the
present invention have an arrangement in which an emission
current density 1 response to an applied electric field
intensity of 1 V/um is in a range of 10 mA/cm® to 100
mA/cm”. In this way, it is possible to provide an electron
source that can emit large current electrons at a low voltage
and a display capable of low power display.

As described, a producing method of an electron source of
the present invention includes the steps of forming on a base
substrate an anodic oxidation stopping layer for stopping
anodic oxidation of the base substrate, prior to the anodic
oxidation step of the base layer. In this way, an electron
source with superior uniformity of emission characteristics
in the device plane or field emission area (pixels) can be
provided.

As described, the electron source of the present invention
has an arrangement in which the carbon nanotube partially
has an amorphous area in 1ts structure. Further, the electron
source of the present invention has an arrangement in which
the carbon nanotube 1s discontinuous graphite that 1s divided
into micro areas in the tube axis direction. With these
arrangements, the emission start voltage and operating volt-
age (device dniving voltage) can be reduced.

As described, a producing method of an electron source of
the present invention includes the steps of: forming a
cathode electrode wiring on a substrate; forming a high
resistor layer on the cathode electrode wiring; forming an
inorganic material thin film 1n a field emission area on the
high resistor layer; forming pores through the inorganic
maternal thin film; disposing the carbon nanotube inside the
pores; and moditying a surface of the carbon nanotube. By
moditying the surface of the field emission area according to
this method, a low voltage driving electron source can be
provided.

As described, the electron source of the present invention
can emit large current electrons at a low voltage. This
enables a TFT driver that 1s used i conventional devices
such as a liquid crystal device to be used, thereby providing
an ultralow power consuming and ultrahigh luminance dis-

play.

What 1s claimed 1s:

1. A display comprising:

an electron source which includes a plurality of carbon
nanotubes as a field emission part; and

clectric field applying means for applying an electric field
to each carbon nanotube so as to cause each carbon

nanotube to emit electrons,
wherein:

cach carbon nanotube 1s at least one layer of a cylindrical
carbon network film, and
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the carbon network film has a polycrystal structure which
1s divided into a plurality of crystal areas 1n a tube axis
direction, and

wherein an end face of the cabon network film 1s modified

such that field emission efliciency 1s increased.

2. The display as set forth 1n claim 1, wherein a size of
cach crystallite 1n a film thickness direction of the carbon
network film falls within a range from 1 nm to 2 nm.

3. The display as set forth 1n claim 1, wherein oxygen 1s
introduced 1n the modified end face of the carbon network
f1lm, so that a composition ratio of oxygen to carbon (O/C)
falls within a range from 0.15 to 0.2.

4. The display as set forth 1n claim 1, wherein the carbon
nanotube has a resistivity of 1 k€2-cm to 100 k€2-cm.

5. The display as set forth in claim 1, further comprising
particles, dispersed between the carbon nanotubes, binding
side surfaces of the carbon nanotubes adjacent to one
another.

6. The display as set forth 1n claim 5, wherein the particles
are v-alumina.
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7. The display as set forth 1n claim 1, further including a
support member for supporting the carbon nanotubes com-
prising a porous layer, formed on a substrate, having large
numbers of through-pores,

wherein each carbon nanotube 1s formed 1n a cylindrical

shape iside one of the pores so that one end of each
carbon nanotube 1s closed on the side of the substrate
and an end face of the carbon nanotube on the side of
the substrate adheres to a surface of the substrate.

8. The display as set forth in claim 1, wherein an emission
start electric field intensity of the electron source 1s 1n a
range of from 0.25 V/um to 0.5 V/um.

9. The display as set forth 1n claim 1, wherein emission
current density of the electron source when an electric field
with an electric field intensity of 1 V/um 1s applied 1s 1n a
range of from 10 mA/cm”® to 100 mA/cm?.

10. The display as set forth in claim 1, wherein a length
of each crystallite 1n the tube axis direction 1s 1n a range of
from 3 nm to 6 nm.
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